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ABSTRACT
Previous studies have demonstrated that host acquired 
resistance resulted in reduced numbers of engorged ticks, 
restricted engorgement, reduced numbers and viability of ova, 
longer duration of feeding, and in some instances, the death 
of the tick. It is currently not understood how ticks are 
adversely affected by feeding on hosts expressing acquired 
tick resistance.
Examination of the midgut and diverticulae of adult 
female Amblvomma americanum allowed to engorge on guinea pigs 
acquiring and expressing tick resistance revealed changes in 
the gut epithelium as well as in the cellular composition of 
the blood meal. Engorging females were removed from hosts at 
various intervals during the course of four experimental 
infestations. Tissue specimens were obtained from defined 
areas of the tick gut, placed into Karnovsky's fixative, and 
embedded in epon-araldite resin. Sections were viewed with 
either a light microscope or transmission electron microscope.
The midgut and diverticulae were lined by a 
pseudostratified epithelium consisting of six cell types which 
rested on a basal lamina. Outside the basal lamina was a 
network of visceral muscle cells. As feeding progressed, the
xxiii
gut epithelium underwent significant changes that could be 
correlated with uptake and digestion of the blood meal. The 
processes of pinocytosis and phagocytosis were evident along 
the lumenal borders of the digestive cells. Numerous cellular 
organelles and cytoplasmic inclusions associated with 
intracellular digestion were present in the cytoplasm.
Gut tissues from adults fed on guinea pigs expressing 
tick resistance showed morphological changes that were 
indicative of cellular damage. Basophils, eosinophils, and 
granules derived from these cells were present in the gut 
lumenal contents and were ingested by the epithelial cells of 
the digestive tract. Death in situ of ticks could be 
correlated with epithelial cell damage, and the presence of 
eosinophils, basophils, or their respective granules.
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INTRODUCTION
Ticks are obligatory, temporary, blood feeding 
ectoparasites of vertebrates. These arthropods have a major 
economic impact by causing significant losses in animal 
production through their own direct effects, as well as by 
transmitting diseases (Mehlhorn and Walldorf, 1988). 
Disorders attributed to tick infestations include: alopecia, 
a loss of hair; dermatosis, a localized cutaneous inflammation 
and swelling at tick attachment sites; envenomization, severe 
systemic disturbances resulting from toxic salivary fluids; 
exsanguination, secondary anemia and possible death as a 
result of heavy infestations; otacariasis, invasion of the ear 
canal; predisposition to myiasis and secondary bacterial 
infections through bite injuries; and pathological conditions 
due to the transmission of protozoan, rickettsial, bacterial 
and viral pathogens to their hosts. Tick paralysis, a form of 
envenomization, is an acute ascending flaccid type of 
paralysis that is often fatal and a direct result of feeding 





Taxonomically, ticks are Arachnida, order Acarina, 
superfamily Ixodoidea (Hoogstraal, 1978). Arachnida are 
chelicerate arthropods having no antennae, eight legs in the 
adult stage, and one pair each of chelicerae and pedipalps. 
Members of the order Acarina are characterized by mouthparts 
contained in a discrete anterior capitulum and a idiosoma 
composed of a joined podosoma and opisthosoma. The superfamily 
Ixodoidea are hematophagous ectoparasites of vertebrates 
containing nearly 800 tick species divided into three 
families, namely the Argasidae, Ixodidae, and Nuttalliellidae. 
The Ixodoidea contains numerous economically and medically 
important species that are parasitic on humans and domestic or 
wild animals.
Argasidae
The Argasidae, or soft ticks, include 150 species divided 
into two subfamilies and five genera (Balashov, 1972; 
Hoogstraal, 1978; Kettle, 1984). The subfamily Ornithodorinae 
consists of the genera Alveonasus. Antricola. Ornithodoros. 
and Otobius; while the genus Areas comprises the subfamily 
Argasinae (Balashov, 1972). Argasidae are found throughout 
the world, usually as ectoparasites of birds, but they will 
feed on humans and other vertebrates. The more common 
Argasidae genera of medical and economic importance include 
Areas. Otobius, and Ornithodoros (Mehlhorn et al, 1988).
3
Several species of the genus Argas are bird parasites, while 
the genus Otobius includes species that parasitize a wide 
variety of mammals. Ticks of the genus Ornithodoros are 
important transmitters of tick-borne relapsing fevers.
Most argasids inhabit open landscapes within which they 
are confined to various enclosed habitats, such as nests or 
burrows, where environmental conditions are favorable for 
their existence (Balashov, 1972). Argasidae possess a smooth, 
leathery, extensible cuticle covered by a protective cement 
(Mehlhorn and Walldorf, 1988). Soft ticks are characterized 
by the absence of a scutum in all developmental stages, 
resulting in little sexual dimorphism. Superficially, males 
and females are distinguished by the shape of their sexual 
aperture. The capitulum is subterminal, with tracheal 
spiracles located between the third coxae.
Ixodidae
Ixodidae, or hard ticks, are composed of 650 species 
divided into thirteen genera (Hoogstraal, 1978; Kettle, 1984) . 
Hard ticks are further subdivided into two groups, Prostriata 
and Metastriata (Mehlhorn et al, 1988). The Prostriata 
contains only one genus, Ixodes. which has approximately 250 
species (Mehlhorn et al, 1988). All other ixodid genera are 
Metastriata with the more economically and medically important 
genera including: Amblvomma. Boophilus. Dermacentor.
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Haemaphvsalis. Hyalomma and Rhipicephalus (Mehlhorn and 
Waldorf, 1988).
Ixodidae are found throughout the world. The majority of 
ixodids are found in tropical and subtropical regions. Hard 
tick distribution is determined mainly by climatic factors, 
such as temperature and humidity, as well as by their 
relationship with specific host species.
Ixodidae possess a relatively hard cuticle but still 
retain the capacity to expand dramatically as demonstrated by 
engorging females. The total weight of the female tick can 
exceed 100 times the unfed weight (Friedhoff, 1990). Hard
ticks are characterized by a scutum in all stages. A scutum 
occupies about one-third of the anterior dorsal surface of 
larvae, nymphs, and adult females. The entire dorsal surface 
is covered by a scutum in the ixodid adult male, resulting in 
a high degree of sexual dimorphism. In females and immature 
ixodid ticks, the remaining, extensible dorsal surface is 
called the alloscutum (Mehlhorn et al, 1988) . In contrast to 
Argasidae, the capitulum in Ixodidae is always visible from a 
dorsal view being located at the anterior margin, while 
spiracles for the tracheal system are located behind the 
fourth coxae.
Nuttalliellidae
The Nuttalliellidae is a rare, African tick family 
consisting of one species and one genus, Nuttalliela namaqua.
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and is of minor economic importance (Hoogstraal, 1978; Kettle, 
1984) . The Nuttalliellidae have features characteristic of 
both the argasids and ixodids.
Life Cycles
Host Seeking
Tick survival depends on highly adapted mechanisms for 
finding, attaching, and feeding on vertebrate hosts. In 
Ixodoidea, the host seeking process varies with the tick 
species and is influenced by the number of hosts needed to 
complete the tick's life cycle, as well as by the distribution 
and habits of the target species (Voigt, 1988). Lees (1948) 
reported that host finding is enhanced by three tick 
behavioral responses. First, an orientation response results 
in a distinctive distribution of ticks within the vegetation 
layers. This places the ticks in favorable waiting positions 
to ambush passing hosts. Second, a direct response of a tick 
to an approaching host is to take up a "questing" posture, 
which involves a tick lifting and waving its first pair of 
legs while in a position favorable for dropping or crawling 
onto a host (Mehlhorn et al, 1988). And finally, a tick may 
move toward a host. Host approach is perceived by olfactory, 
gustatory, mechanoreceptors, photoreceptors, and 
thermoreceptors (Voigt, 1988) . These sense organs are 
concentrated primarily at the anterior end of the tick.
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Most ixodids have preferential attachment areas on the 
host and are largely absent from other sites (Balashov, 1972). 
Irregular tick distribution on the host body is associated 
with capitulum length and vertebrate skin thickness, skin 
micro-environment, and host grooming activities (Balashov, 
1972) .
Argasid and ixodid ticks have different life histories 
but similar life cycles, each developing through the following 
stages: egg (ova), larva, nymph, and adult. Except for eggs, 
all life stages imbibe blood and are capable of surviving for 
extended periods of time between blood meals. Unlike the hard 
ticks, soft ticks usually have from one to eight nymphal 
instars and are capable of engorging repeatedly during the 
nymphal and adult stages.
Blood feeding in larval, nymphal, and adult stages 
results in a very complicated life cycle involving regular 
alternation between non-parasitic and parasitic stages. 
Ixodoidea life cycles have been divided into four groups based 
on the number of host changes and tick molts required to 
complete a life cycle. These include multihost, 3-host, 2- 
host, and 1-host tick life cycles (Balashov, 1972).
Argasidae Life Cycle
Argasidae differ from ixodid ticks in their habitat and 
feeding behavior (Balashov, 1972). Argasid ticks normally 
inhabit the nesting site of their hosts, attaching to a host
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to feed and returning to the nest after engorgement. Due to 
the number of nymphal instars and repeated adult gonotrophic 
cycles, soft ticks demonstrate a multihost life cycle. 
Developmental duration for most argasids under optimal 
conditions lasts from 6 to 24 months, however, when hosts are 
sparse the development of some species, such as Ornithodoros 
papillipes. may extend over 20 years (Balashov, 1972). 
Development from larva to adult is a gradual process that does 
not stress the tick's ability to retain large stores of 
undigested blood meal during the molting process (Diehl, 
Aeschlimann, and Obenchain, 1982).
Soft ticks feed briefly (15-60 minutes) and repeatedly 
during the nymphal and adult life stages, ingesting small 
volumes of blood from local capillary hemorrhages and larger 
blood vessels when damaged by penetration. Larvae, on the 
other hand, require longer feeding times, from days to weeks. 
During engorgement, soft ticks ingest quantities of blood 
corresponding to three to four times their original body 
weight, eliminating excess water and ions via the coxal glands 
(Lees, 1946b; Mehlhorn et al, 1988).
Feeding cycles of adult argasid females are unrelated to 
mating. Mating occurs before or after obtaining a blood meal, 
with the preoviposition period of engorged females lasting one 
to three days up to several weeks, depending on the tick 
species and environmental conditions. Differences exist 
between mated and unmated females in digestion and utilization
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of engorged blood. After feeding, mated females proceed to 
digest a blood meal, develop eggs, oviposit, and may repeat 
the cycle (Coons, Rosell-Davis, and Tarnowksi, 1986). Unmated 
females start digesting their blood meal, but do not proceed 
further than initial phases of digestion. Blood fed virgins 
may survive through long periods of starvation, while 
undigested hemoglobin remains in their gut lumen. When mating 
occurs, it triggers digestion of nutrient reserves in the gut, 
and the processes of vitellogenesis and oviposition follow.
Argasid females lay their eggs in batches. Females of 
most argasid species have a gonotrophic rhythm that is co­
ordinated with periods of blood meal digestion and ovarian 
development. A full blood meal ensures development and 
oviposition of 50-200 eggs; incomplete engorgement 
correspondingly reduces egg production (Balashov, 1972). After 
engorging, environmental conditions greatly influence the 
number of deposited eggs. Unfavorable temperature and 
humidity reduces egg production. Arqas persicus females can 
lay approximately 870 eggs in as many as seven batches, with 
a blood meal and mating preceding each batch (Mehlhorn and 
Walldorf, 1988) . Ornithodoros coriaceus females may lay over 




Ixodid ticks are generally not host specific and can be 
distinguished by the number of different hosts utilized in a 
given life cycle. In ixodids, the number of blood meals 
during the developmental process has been reduced to a single 
larval, nymphal, and adult feeding. Thus the maximum number 
of host changes is found in the three host life cycle. The 
following tick species are just a few examples of one, two, 
and three host ixodids.
One host ticks, such as Boophilus microplus. spend all 
feeding stages on a single host. Only the larvae will need to 
seek a host, since larval and nymphal molts occur on the host. 
An engorged female detaches from the host to lay eggs. Ticks 
with a one host cycle are most adapted to infesting nomadic 
animal species (Balashov, 1972).
In two host ticks, such as Rhipicephalus evertsi. the 
larval and nymphal stages feed on one host. Engorged nymphs 
drop off, molt into adults which seek a second host. Two host 
development is most often observed where immature and adult 
ticks parasitize one or closely related ungulate species 
(Balashov, 1972). Amblvomma americanum. Dermacentor 
variabilis. Ixodes ricinus. and Rhipicephalus appendiculatus 
are examples of three host ticks. At least 600 of the 650 
species of ixodids are three host ticks (Hoogstraal, 1978). 
Each feeding stage will seek a new host upon which to engorge.
10
Larvae and nymphs parasitize small mammals, while the adults 
usually seek large animal hosts.
Hard ticks undergo gradual metamorphosis from each 
developmental stage. In ixodid ticks, passage from egg to 
adult can be as brief as three months under optimal 
conditions, or as long as twenty-one years (Herms and James, 
1961). Ixodid eggs possess a wax coating which allows them to 
withstand severe environmental conditions (Lees and Beament, 
1948) . Hard ticks feed only once during a given life stage 
with each stage having a relatively long feeding period, 
approximately three to 14 days. Newly hatched Dermacentor 
variabilis larvae generally feed for four days on a host, but 
can survive for more than a year without a blood meal 
(Sonenshine and Atwood, 1967). Engorged larvae detach from 
the host and enter a quiescent period lasting from ten to 200 
days depending on the season and other environmental factors 
such as humidity and temperature (Smith et al, 1946). 
Following quiescence, surviving larvae molt into nymphs. 
Nymphs may live over 500 days without taking a blood meal. 
After attachment to a host, nymphs generally feed for three to 
eleven days, drop off and enter a premolt period lasting from 
24 to 300 days. After molting, the adults may survive as long 
as two years without a blood meal (Smith et al, 1946).
Male and female ixodid ticks must feed before they mate. 
In most ixodid species mating takes place on the host only 
after attachment, with some exceptions in the genus Ixodes
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where mating can take place prior to attachment 
(Ntiamoa-Baidu, 1986) . Dermacentor variabilis adults usually 
mate within the first three to four days of feeding following 
production of a sex pheromone by the female. Males must feed 
before they are attracted by the pheromone.
Males feed for several days at a slow and constant rate, 
with feeding and mating occurring intermittently. Coons, 
Rosell-Davis, and Tarnowski (1986) proposed that female 
ixodids went through two different feeding and two different 
post-feeding periods. Male ixodids do not demonstrate these 
different feeding periods. Female ticks feed for seven or 
more days in what is called a slow feeding phase. During this 
time Dermacentor andersoni females increase their weight from 
ten to 250 mg (Kaufman, 1976). Sauer and colleagues (1979) 
reported that after attachment to sheep, adult female 
Amblvomma americanum also underwent a slow phase of feeding 
lasting eight to 14 days, during which time the tick's weight 
increased from four to 300 mg. Twelve to 24 hours prior to 
detachment, mated females enter a rapid engorgement phase 
characterized by an increased uptake of blood (Balashov, 1972; 
Sauer et al, 1979; Coons, Rosell-Davis, and Tarnowski, 1986). 
Pappas and Oliver (1972) reported mating as the stimulus for 
rapid engorgement in Dermacentor variabilis.
During the rapid phase of engorgement, the weight of an 
engorging female significantly increases. Engorged ixodid 
body weight only indirectly reflects the actual ingested food
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volume, since some is excreted in the feces, a large amount is 
digested and assimilated to form tick tissue, and excess water 
is removed via the salivary glands (Balashov, 1972; Kaufman 
and Phillips, 1973; Binnington and Kemp, 1980). Engorged 
females of large ixodid species such as Amblvomma and Hvalomma 
usually weigh 600-1200 mg, whereas those of smaller tick 
species including Ixodes. Haemaphvsalis. and Rhipicephalus 
weigh 200-600 mg (Balashov, 1972).
Two post-feeding periods follow rapid engorgement, 
preoviposition and oviposition. The preoviposition period is 
the time between detachment from the host and appearance of 
the first egg (Coons, Rosell-Davis, and Tarnowski, 1986). 
During this phase, digestion of hemoglobin in the gut proceeds 
at a steady rate until the end of vitellogenesis and 
oviposition. Engorged female ticks drop off their hosts and 
enter preoviposition phases which last from six to 56 days 
depending on the species and ambient temperatures (Hafez et 
al, 1972; Diehl et al, 1982).
The oviposition period corresponds to the time during 
which eggs are laid (Nagar, 1968). Ixodids are characterized 
by a strict gonotrophic rhythm. Female ixodid ticks oviposit 
only once in their life due to the irreversible morphological 
and physiological changes that occur during feeding and 
preparation for oviposition, but hard ticks generally lay a 
large number of eggs (Balashov, 1972; Hoogstraal, 1978). The 
number of eggs laid varies by genus with Amblvomma and
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Hvalomma species laying 15,000-20,000 eggs, Dermacentor. 
Rhipicephalus. and Boophilus generating 3,000-6,000 eggs, and 
Ixodes and Haexnaphvsalis species producing 250-1,000 eggs 
(Balashov, 1972) . After completion of oviposition, the female 
dies (Smith et al, 1946).
Unmated females will remain attached to the host for 
several weeks with uptake of only small quantities of blood. 
McSwain and colleagues (1982) reported that Amblvomma 
americanum females, in the absence of mating, did not increase 
in weight beyond approximately 35 mg. If no male arrives, the 
unmated females will remain attached until removed by host 
grooming activities or until they die.
Vector Potential
A number of biological, morphological, and behavioral 
characteristics help make argasid and ixodid ticks efficient 
vectors of disease causing agents. Argasidae are generally 
rapid feeders, having several nymphal and adult blood meals 
thus increasing their chances of ingesting and/or transmitting 
a pathogenic organism from or to a host. Soft ticks have from 
one to eight nymphal instars which allows for a non-stressful 
metamorphosis that increases their chances for survival. 
Argasids mate off the host and can engorge immediately upon 
attachment. These ticks parasitize hosts that regularly 
revisit a shelter site, and therefore do not have to deal with
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the risks associated with finding and attaching to a wandering 
host.
Ixodid ticks are capable of attaching securely to a 
vertebrate host, thus preventing their easy dislodgement. The 
feeding process may be slow, reguiring a long period of time 
to complete, thus increasing the opportunity for transmission 
and ingestion of infectious agents. Hard ticks are long 
lived, being quite adaptable to environmental changes due to 
a protective sclerotized outer body surface, and can harbor 
infectious organisms for prolonged periods of time (Philip and 
Burgdorfer, 1961; Philip, 1963) . In general, ixodid ticks have 
few predators, feed on a variety of different vertebrate 
hosts, and possess a high reproductive potential.
Since ticks are efficient vectors of pathogenic agents, 
many of these pathogens have developed complex relationships 
with their tick vector and undergo development within certain 
tick tissues and life cycle stages. Ticks are second only to 
mosquitoes in transmitting disease causing organisms to humans 
(Balashov, 1972) . Not only do ticks act as vectors for 
pathogens, but also as reservoirs (Balashov, 1972; Hoogstraal, 
1978; Binnington and Kemp, 1980; Solomon, 1983). Infectious 
agents may persist in tick populations via transstadial and/or 
transovarial transmission. Transstadial transmission is from 
larva to nymph to adult (Burgdorfer and Varma, 1967) . 
Transovarial transmission is from the adult female through the 
ova to the next generation (Burgdorfer and Varma, 1967). Both
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methods of transmission are important for maintaining the 
pathogen in nature.
Initial infection of ixodid ticks usually begins with 
infection of midgut epithelial cells by organisms ingested 
with a blood meal (Burgdorfer and Varma, 19 67) . These 
pathogens may undergo development within the gut epithelial 
cells or penetrate the gut epithelial lining and infect other 
organs. Often, these pathogenic organisms develop within the 
salivary glands and are released with injected saliva by a 
feeding tick thereby infecting the vertebrate host 
(Burgdorfer and Varma, 1967). Infectious organisms may also 
be spread by contamination of the tick bite lesion with body 
fluids and feces containing the pathogenic organisms (Needham, 
1985). Gregson (1967) reported possible regurgitation by 
Dermacentor andersoni females, thus providing a route of 
infection for organisms that exist only within the gut lumen.
Refer to Table 1. for a list of pathogenic agents 
transmitted by ticks to domestic animals. Table 2. lists some 
of the major argasid and ixodid genera, pathogenic agents 
transmitted and ensuing human diseases.
Attachment
Attachment begins with the insertion of the chelicerae 
and hypostome into a host's skin (Gregson, 1967), with many 
ticks being highly selective in their choice of an attachment 
site (Kemp, Stone, and Binnington, 1982). Balashov (1972)
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found that ticks frequently detached after 3 to 5 minutes and 
moved to a neighboring site to repeat the attachment process. 
Attachment is secured by large teeth on the hypostome and can 
be strengthened by secretion of an attachment cement.
The short feeding period of argasid ticks requires a 
rapid and deep penetration of the host skin to release 
sufficient amounts of blood for engorgement. To accomplish 
this, the chelicerae and cheliceral digits of soft ticks are 
well developed, while the hypostome is relatively delicate 
(Balashov, 19 65) . Moving the capitulum forward and backward
TABLE 1. Pathogenic agents transmitted by ticks to domestic animals.
(Extracted from Mehlhorn et al, 1988)
Genera Pathogenic Agent Host
















Dermacentor Anaplasma marainale Bovines




Hvalomma Trypanosoma theileri Bovines
Ixodes Babesia diveraens Bovines





TABLE 2. Human diseases -transmitted by ticks.
(Extracted from Mehlhorn et al, 1988)
Genera Pathogenic Agent Disease





Rocky Mountain spotted fever









Rocky Mountain spotted fever
Haemaohvsalis Rickettsia sibirica 
RSSE-TBE complex
Siberian tick typhus 
Powassan encephalitis (only one 
of the RSSE-TBE complexes)
Hvalomma C.C.H.F. virus 
Rickettsia sibirica
Crimea-Congo hemorrhagic fever 
Siberian tick typhus










Queensland tick fever 
Boutonneuse fever
Ornithodoros Borrelia duttoni 
Borrelia persica
African relapsing fever 
Asian relapsing fever










results in the eventual penetration of the skin by the 
hypostome. This attachment produces a hemorrhagic area within 
the host's skin in which salivary gland secretions are 
released at irregular intervals. With the possible exception 
of Arcras pusillus larvae (Stiller and Ranchitham, 1975) , 
argasids are not known to secrete a cement.
There is considerable variation among the Ixodidae with 
respect to the depth of penetration, length of the hypostome, 
and production of an attachment cement (Moorhouse, 1967). 
Moorhouse and Tatchell (1966) reported that the mouthparts of 
Boophilus microplus did not penetrate below the epidermis in 
any of the tick's life cycle stages, however, the feeding 
lesion depth increased with each instar. Larval feeding 
lesions were restricted to the papillary layer, while the 
nymphal lesions extended to the outer layer of the reticular 
dermis (Tatchell and Moorhouse, 1968) . Adult feeding lesions 
penetrated deep into the reticular dermis. As a result of the 
enlarging lesion size, the size of the blood vessels 
encountered by the developing lesion increased with each 
instar (Tatchell and Moorhouse, 1968; Kaufman, 1989). The 
blood meals of larvae and nymphs generally contained less 
whole blood than those of the adults because finer blood 
vessels were involved in their feeding lesions.
With respect to hypostome length, the Metastriata can be 
divided into the Longirostrata and the Brevirostrata (Kemp, 
Stone, and Binnington, 1982) . The Longirostrata secrete a
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casing around their long, fully inserted hypostome and include 
the genera Amblvomma. Aponomma. and Hvalomma. The 
Brevirostrata possess mouthparts that are short and which 
barely penetrate the epidermis. Dermacentor. Rhipicephalus. 
Boophilus. and Haemaphvsalis belong to the Brevirostrata.
All ixodid ticks, with the exception of some Prostriata, 
utilize cement for attachment (Kemp, Stone, and Binnington, 
1982). Ixodids with short mouthparts appear to rely on a 
copious secretion of cement to secure themselves to a host 
(Moorhouse and Tatchell, 1966). In contrast, hard ticks with 
relatively long mouthparts tend to penetrate the skin more 
deeply, and have large recurved teeth on the hypostome to help 
anchor the tick at the attachment site.
Using the techniques of transillumination and 
cinemicrophotography, Gregson (1960) directly observed the 
feeding process of ixodid ticks attached to the ears of 
anesthetized mice and everted hamster cheek pouches (Gregson, 
1967). The chelicerae initially penetrate the epidermis and 
then a milky white fluid is secreted by the salivary glands 
(Gregson, 1967). This salivary gland secretion hardens to a 
latex-like material surrounding the chelicerae and hypostome 
causing the palps to splay out on the epidermal surface. The 
cement is involved in augmenting the attachment (Shapiro et 
al, 1989) and isolating the tick mouthparts from the host skin 
(Moorhouse, 1967; Binnington and Kemp, 1980) .
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An attachment lesion gradually develops beneath the 
mouthparts. Ticks are telmophages, or pool feeders, which 
feed slowly from a pool of blood that forms beneath their 
mouthparts (Kemp, Stone, and Binnington, 1982) . Observations 
on tick feeding lesions reveal that the cutting action of the 
cheliceral digits is confined to the initial area of epidermal 
penetration, as well as to some damaged capillaries and 
tissues adjacent to the site of penetration (Gregson, 1960). 
A secondary cement cone may be secreted into the lesion to 
prevent occlusion of the mouthparts.
Salivary Gland Structure
During engorgement, host blood is concentrated by removal 
of water and electrolytes. In all ticks, the task of removing 
excess hyposmotic fluid rapidly during or immediately 
following the blood meal is vital for osmoregulation. In the 
two main tick families, fluid excretion is achieved by two 
entirely different mechanisms.
Argasid ticks remove fluid during the final period of 
engorgement and/or after they have left the host. Soft ticks 
have been observed to exude large volumes of a clear fluid 
from a pore located on the first coxal joint via the coxal 
organ (Kaufman, 1989). Argasids appear to inject negligible 
saliva into a host, and therefore, this mechanism of fluid 
excretion via the coxal organ appears to be suited to the fast 
feeding habits of these ticks.
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In ticks of the superfamily Ixodoidea, the salivary 
glands consist of a pair of complex grape-like clusters 
extending anteroposteriorly along the sides of the body 
cavity. The glands are formed of several types of alveoli 
attached to greatly branched efferent ducts and connected by 
loose connective tissue and ramifying tracheae (Balashov, 
1972). The paired, main ducts extend through the capitulum 
and open into a salivarium.
Salivary glands of argasids are less complex than those 
of ixodid ticks, and lack cells with properties characteristic 
of cement secreting cells (Binnington and Kemp, 1980). 
Argasid salivary glands are rather compact and situated above 
the coxae of the first three pairs of legs (Balashov, 1972). 
Their size is approximately equal in unfed and recently 
engorged ticks. Soft ticks appear to have only one type of 
granular alveolus and one type of agranular alveolus 
(Sonenshine and Gregson, 1970; Chinery, 1974).
In hard ticks, which usually feed for several days or 
weeks, the removal of hyposmotic fluids is achieved by means 
of the salivary glands. Water and electrolytes enter the 
hemolymph and are picked up by the salivary glands to produce 
a watery saliva which is injected back into the host before 
detachment (Tatchell, 1967). The host is repeatedly exposed 
to this saliva as long as the tick is feeding. Feeding is 
basically a rhythmic succession of salivation and food uptake.
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In ixodids, particularly in the Metastriata, the salivary 
glands are large, their posterior ends extend beyond coxa IV, 
and they show a distinct tendency to divide into separate 
clusters (Balashov, 1972). Their size is determined by the 
physiological state of the tick, with larger salivary glands 
in feeding than in unfed ticks.
Salivary glands of adult female ixodid ticks contain 
three morphologically distinct types of acini. Krolak, Ownby, 
and Sauer (1982) reported two types of granular acini (Type II 
and Type III) and only one agranular acinus (Type I) in unfed 
female Amblyomma americanum. Male ticks appear to contain one 
more acinus then female ticks (Binnington, 1978).
Type I acini are thought to function in maintaining the 
tick's hydration during the long periods between blood meals 
and may also function in feeding (Fawcett et al, 1986; 
Kaufman, 1989) . Type II acini are composed of a variety of 
cell types, but no specific functions have been attributed to 
these acini (Fawcett et al, 1986; Kaufman, 1989). Type III 
acini possess cells involved in the synthesis of cement and 
may be involved in returning fluid concentrated from the blood 
meal back to the host via the saliva (Fawcett et al, 1986; 
Kaufman, 1989) . Type IV acini occur only in the salivary 
gland of male ticks, and are observed in some cement-secreting 
ixodids but not in others (Binnington, 1978).
Tick salivary secretions are thought to be responsible 
for dilation of skin capillaries, for development of extensive
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hemorrhages, for tissue destruction, and prevention of blood 
coagulation in the tick feeding lesions. While the mechanical 
action of host penetration results in minor damage to adjacent 
tissues, tick salivary components are responsible for a wide 
range of tissue changes, and local or systemic host reactions 
(Voigt, 1988; Ribeiro et al, 1985). Tick saliva is composed 
of a variety of pharmacological substances.
Salivary Gland Secretions
As a result of the laceration of blood vessels by the 
probing actions of a tick's mouthparts and exposure to 
salivary gland secretions, a host's circulatory homeostatic 
and inflammatory mechanisms begin to function to maintain 
homeostasis and repair tissue damage. In response to these 
hemostatic and inflammatory mechanisms, ticks release salivary 
secretions into the feeding lesion that are antihemostatic, 
anti-inflammatory, and immunosuppressive in nature.
Ribeiro and co-workers (1985) suggested that the 
resulting erythema, edema, and pain of an inflammatory 
response could affect the outcome of a tick's attempt to draw 
blood from its host. They suggested that an erythematous 
reaction would help an engorging tick by increasing the flow 
of blood to the feeding site, while edema would reduce blood 
flow to the attachment site. Pain would focus the attention 
of the host on the tick's attachment site, and consequently 
increase the host's grooming behavior. Because inflammation
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may both help and hinder feeding, ticks may modulate certain 
aspects of inflammation selectively via particular mediators 
(Ribeiro et al, 1985).
Ribeiro (1989) suggested that edema at tick attachment 
sites may be a significant component in tick rejection 
reactions since only a protein-poor serum transudate would 
become available to the tick at edematous sites, instead of a 
nutritious blood meal. Many ticks which survive after feeding 
at an edematous site either do not molt or molt to abnormally 
small nymphs or adults (Wikel and Allen, 1982) .
Ribeiro (1989) reported that many pharmacological 
mediators were efficient edema promoters. These included the 
vasoactive amines, histamine and serotonin, the leukotrienes, 
particularly C4 and D4, and peptides such as bradykinin and 
the anaphylatoxins (Ribeiro, 1989) . Adenosine triphosphate 
and prostaglandin of the E-series also promoted edema 
formation. These edema-promoting mediators may either be 
released from a variety of host cells or result from various 
acellular reactions.
In the salivary glands of Ixodes ticks, Ribeiro (1989) 
reported the presence of salivary anti-inflammatory agents, 
such as anti-histamine, anti-serotonin, kinase, anaphylatoxin- 
inactivating activity and anti-complement activity. These 
substances would assist the tick in preventing the formation
of edema.
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Platelet aggregation provides the main hemostatic 
obstacle to hematophagous arthropods (Ribeiro et al, 1985). 
Important stimuli inducing platelet aggregation include ADP, 
collagen fibrils, thrombin, and platelet aggregating factor 
(Ribeiro et al, 1985). Salivary apyrase (ATP- 
diphosphohydrolase) inhibits hemostasis by degrading ADP and 
may prevent inflammatory processes stimulated by ATP, namely 
mast cell degranulation and aggregation of neutrophils 
(Ribeiro et al, 1985). Ribeiro and coworkers (1985) 
demonstrated apyrase activity in Ixodes dammini salivary 
secretions.
Tick anti-coagulants are thought to be glycoproteins, 
mucoproteins, or some type of protein-carbohydrate complex 
originating from the granular salivary gland cells (Balashov, 
1972). Anti-coagulants are believed to inhibit thrombokinase 
(Kaufman, 1989) thus preventing coagulation at the attachment 
site and assuring free blood flow to the tick. 
Anti-coagulating properties have been identified in the 
salivary gland extracts of Araas persicus (Nuttall and 
Strickland, 1908), Ixodes holocvclus (Ross, 1926; Kaire, 
1967), Ixodes ricinus (Foggie, 1959) , and Ornithodoros moubata 
(Hawkins and Heilman, 1966) , as well as in the saliva of 
Boophilus microplus (Binnington and Kemp, 1980), and Ixodes 
dammini (Ribeiro et al, 1985). Some authors have suggested 
that the requirement for a tick-derived anti-coagulant is 
minimal, since the feeding lesion created by an engorging tick
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would contain heparin from degranulated mast cells (Tatchell 
and Moorhouse, 1968).
Cytolysins are involved in producing and enlarging the 
feeding lesion and thus facilitating feeding. Some 
investigators dispute the presence of cytolysins in ixodid 
ticks, and instead propose that tissue destruction in the 
lesion is a result of host reaction to tick feeding (Kaufman, 
1989) . Tatchell (1969) proposed that tissue damage from tick 
feeding was dependent upon mast cell damage which resulted in 
the release of granules containing heparin and histamine. 
These substances have an important role in the inflammatory 
response characterized by neutrophilic leukocytes. Neutrophils 
infiltrating Rhioicephalus sanguineus feeding lesions damage 
the local collagen. Using dogs treated with nitrogen 
mustard, Tatchell and Moorhouse (1970) decreased the number of 
infiltrating neutrophils and lowered the amount of tissue 
damage due to cavity formation and collagen destruction.
There is, currently, more support for the presence of 
cytolysins in argasid tick saliva than ixodid saliva. Soft 
ticks feed within a matter of minutes on a host, and the 
extent of hemorrhage and tissue destruction that occurs in the 
feeding lesions is great. In contrast to Tatchell's (1969) 
work with Rhioicephalus sanguineus fed on dogs, Moorhouse 
(1975) reported that when Argus persicus larvae fed on 
chickens, the damage occurred before infiltrating leukocytes 
could have caused the damage.
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Tatchell and Binnington (1973) identified the presence of 
a prostaglandin in the salivary gland secretions of Bopphilus 
microplus. Higgs and co-workers (1976) went further and 
identified the prostaglandin as prostaglandin E2 (PGE2) . 
Ribeiro and co-workers (1985) also identified PGE2 in the 
saliva of Ixodes dammini. PGE2 could facilitate tick feeding 
by inducing erythema, inhibiting mast cell degranulation, and 
inducing immunosuppression by potentially preventing the 
production of antibodies against salivary antigens (Ribeiro et 
al, 1985). PGE2, on the other hand, may potentiate the pain 
produced by bradykinin, as well as the edema caused by 
substrates that increase vascular permeability.
Ribeiro, Makoul, and Robinson (1988) have reported the 
presence of prostacyclin (PGI2) in the saliva of Ixodes 
dammini. They suggested that prostacyclin may help tick 
feeding by preventing platelet aggregation, thus reducing host 
hemostasis and maintaining the blood flow from injured vessels 
to the tick's mouthparts. By preventing mast cell 
degranulation, PGI2 may minimize the reactions leading to 
increased host grooming activity and reduce the edema that 
occurs at tick attachment sites. Finally, prostacyclin could 
increase the amount of blood available for tick feeding by 
inducing hyperemia and preventing the release of vasoactive 
amines and inflammatory eicosanoids from leukocytes (Ribeiro, 
1989; Bach, 1982).
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Esterases and carbohydrate splitting enzymes may increase 
vascular permeability indirectly by hydrolysing cholesterol 
esters in mast cells, causing the release of histamine, 5- 
hydroxytryptamine, and other mediators (Kaufman, 1989) . These 
weak enzymes may help to create, over a period of hours or 
days, a small lesion with sufficient vascular damage to 
provide the tick with a blood meal. Tatchell (1971) reported 
the presence of esterases and acid phosphatases in the saliva 
of Boophilus microplus. In 1971, Greczy and coworkers 
isolated a 30,000 dalton fraction from Boophilus microplus 
saliva that demonstrated a positive stain for esterase. 
Along with anti-coagulant activity, Binnington and Kemp (1980) 
reported the presence of the enzymes aminopeptidase, esterase, 
prostaglandin E2, and lipase in Boophilus microplus saliva. 
In 1976, Schleger and Lincoln reported moderate to strong 
histochemical reactions for esterase, lipase, and 
aminopeptidase in the dermis immediately adjacent to the 
mouthparts of Boophilus microplus larvae that had been 
attached to the host for approximately 4 hours.
Berenberg, Ward, and Sonenshine (1972) suggested that 
saliva introduced into a feeding lesion may lead to cleavage 
of a host's C5, resulting in the generation of a chemotactic 
factor for neutrophils. Salivary gland extract, itself, was 
devoid of intrinsic chemotactic activity for neutrophils, but 
the addition of small amounts of gland extract to either dog
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or human serum produced high levels of chemotactic activity 
(Berenberg, Ward, and Sonenshine, 1972).
Ribeiro and Spielman (1986) demonstrated the presence of 
a carboxypeptidase capable of inactivating the anaphylatoxins, 
C3a and C5a. Ribeiro (1987) reported complement C3 fixation 
to an activating surface was inhibited by Ixodes dammini 
saliva. He suggested the anti-complement factor could disrupt 
the system controlling C3 conversion through factors B and H 
or inhibit the associated C3 convertase.
An immunosuppressive activity for tick saliva has been 
suggested by the work of Wikel (1982c, 1985). Lymphocytes 
from guinea pigs infested with adult Dermacentor andersoni 
displayed significantly less in vitro responsiveness to the T- 
lymphocyte mitogens, concanavalin A and phytohaemagglutinin, 
while stimulation by the B-lymphocyte mitogen Escherichia coli 
lipopolysaccharide was not altered (Wikel, 1982c). These 
results led Wikel (1982c) to suggest that tick-host 
interaction resulted in an alteration of reactivity that 
appeared to be limited to T-lymphocytes. A later study by 
Wikel (1985) demonstrated that a host's responsiveness to a 
thymic dependent antigen was reduced as a result of tick 
infestation. Spleen cells obtained from guinea pigs 
undergoing a primary or secondary infestation with Dermacentor 
andersoni larvae showed a depressed plague forming cell 
response to the thymic dependent antigen, sheep red blood 
cells (Wikel, 1985). Saliva of the tick Ixodes dammini has
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also been shown to inhibit T-cell activation in vitro (Ribeiro 
et al, 1985). Several investigators have proposed that the 
immunosuppressive effect of tick saliva may enhance the 
feeding success of the tick and consequently, increase the 
efficiency of pathogen transmission (Wikel, 1982c; 1985; 
Ribeiro et al, 1985; Titus and Ribeiro, 1990).
The immunosuppressive effect of tick saliva may not apply 
to all tick hosts. Trager (1939a) demonstrated that guinea 
pigs infested with Dermacentor variabilis or Ixodes scapularis 
developed an efficient immune response to these ticks upon 
repeated tick contact. Trager (1939a) was also able to 
demonstrate that an efficient immune response did not occur 
when the white-footed mouse, a natural host for these ticks 
was used, instead of the unnatural guinea pig host.
A host rejects a tick by confronting the tick at the 
feeding site with a number of different mediators that may 
appear from cells already present at that site (such as mast 
cells), by cells chemotactically recruited to that site (such 
as basophils), and by cell-free reactions (complement) 
(Ribeiro, 1989). The resulting reactions will both reduce the 
availability of blood for the tick and possibly produce toxic 
anti-tick products.
Titus and Ribeiro (1990) have suggested that the key to 
successful tick infestation depends upon a tick's ability to 
resist a host's immunological and pharmacological attack 
during engorgement. A tick that is adapted to a particular
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species may be able to feed to completion on its natural host 
but may be rejected when feeding on an unnatural host species 
because different vertebrate species use different mediators 
and mechanisms for promoting inflammation. Ribeiro (1989) 
suggested that if the edema produced by a host relies on 
mediators which the tick can counteract, successful repeated 
parasitism could occur. However, if the tick could not 
counteract the host's mediators, the expression of tick 
resistance would become apparent.
Acquired Tick Resistance
During the process of obtaining a blood meal, ticks 
alternate between sucking of blood and injection of saliva 
into their hosts. These secretions are known to be antigenic 
and are capable of eliciting both cellular and humoral immune 
responses (Allen, 1973; Wikel and Allen, 1976a, 1976b). 
Several studies have demonstrated that these immunological 
reactions between a host and feeding ticks are associated with 
the acquisition of resistance by the host to further tick 
attack (Trager, 1939a; Gregson, 1941; Wikel and Allen, 1976a, 
1976b; Wikel, 1979).
Many hosts acquire resistance to various ixodid ticks 
after a single infestation. Parameters used as indicators of 
acquired resistance include reduced numbers of engorged ticks, 
a smaller blood meal as revealed by lower engorgement weights, 
reduced numbers and viability of ova, prolonged feeding times
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and death of ticks (Willadsen, 1980; Wikel, 1983; 1984a, 
1984b). Factors influencing resistance expression include 
immune response capabilities of the host, species of host and 
tick, intensity and duration of infestation, and the 
life-cycle stage of infesting tick (Wikel, 1988).
Trager (1939a) originally described the ability of guinea 
pigs to acquire resistance after a single infestation with 
Dermacentor variabilis larvae. Guinea pigs subjected to 
repeated larval infestations allowed large numbers of larvae 
to engorge during primary infestations, but few fed normally 
in secondary or subsequent infestations. At the light 
microscopic level, Trager (1939a) noted that there were only 
slight skin reactions in primary infestations, whereas in 
previously infested animals an inflammatory response occurred 
at tick attachment sites. The inflammatory response was 
characterized by an infiltration of immune cells (leukocytes 
and polymorphonuclear cells) and the formation of blisters 
beneath the mouthparts of attached larvae. This led Trager 
(1939a) to propose tick resistance occurred as a result of an 
intense cutaneous inflammatory response that surrounded the 
tick mouthparts and prevented access of the parasites to blood 
vessels in the lower dermis.
Several researchers have since investigated the 
acquisition of resistance to ixodid ticks with a number of 
different tick-host associations. Acquired resistance to 
ixodid ticks has been established for rabbits infested with
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Amblyomma variegatum and Boophilus decoloratus (Dipeolu and 
Harunah, 1984), Haemophvsalis leporispalustris (Boese, 1974), 
Haemophvsalis lonqicornis (Fujisaki, 1978), Hvalomma rufipes 
(Rahman, 1984), Ixodes ricinus (Bowessidjaou, Brossard, and 
Aeschlimann, 1977; Brossard, 1977; Brossard and Girardin, 
1979), and Rhipicephalus appendiculatus (Rubaire-Akiki and 
Mutinga, 1980a; 1980b). In mice, acquired resistance was 
shown for Dermacentor variabilis (denHollander and Allen,
1985) .
Bovine acquired resistance has been reported for 
Amblyomma americanum (Strother et al, 1974; Brown, Barker, and 
Askenase, 1984; George, Osburn, and Wikel, 1985), Boophilus 
microplus (Riek, 1962; Bennett, 1969; Roberts, 1968a; 1968b; 
Koudstaal et al, 1978; Wagland, 1975; 1978; 1979; Willadsen 
et al, 1978; Willadsen, 1980; Wikel, 1982a; Wikel and Whelen,
1986) , Dermacentor andersoni (Allen and Humphreys, 1979; Wikel 
and Osburn, 1982); Haemaphvsalis lonqicornis (Sutherst, 
Roberts, and Wagland, 1979), Hvalomma anatolicum (Gill, 1986); 
and Ixodes holocvclus (Doube and Kemp, 1975; Allen, Doube, and 
Kemp, 1977).
Acquired resistance by guinea pigs has been described for 
Amblyomma americanum (Brown and Knapp, 1980a; 1980b; 1981) , 
Dermacentor andersoni (Allen, 1973; Allen and Kemp, 1982; 
Wikel and Allen, 1976a; 1976b), Dermacentor andersoni. 
Dermacentor variabilis. Amblyomma americanum (McTier, George, 
and Bennett, 1981), Dermacentor variabilis (Brown, 1977),
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Ixodes dammini (Krinsky, Brown, and Askenase, 1982), Ixodes 
holocyclus (Bagnall and Doube, 1975; Brown, Bagnall, and 
Askenase, 1984), Rhipicephalus appendiculatus (Brown, Worms, 
and Askenase, 1983a; 1983b; McLaren, Worms, and Askenase, 
1983), Rhipicephalus appendiculatus. Amblyomma hebraeum. 
Amblyomma varieqatum. Dermacentor marginatus on guinea pigs or 
rabbits (Heller-Haupt, Varma, and Langi, 1981), and 
Rhipicephalus sanguineus (Brown and Askenase, 1981).
Passive Transfer of Resistance
The role of antibody in tick immunity was demonstrated by 
Trager (1939b) who passively transferred resistance by 
intraperitoneal inoculation of serum from guinea pigs 
repeatedly infested with nymphal Dermacentor variabilis to 
tick naive animals. The number of larvae able to feed to 
repletion on passively immunized animals was reduced by 50% in 
comparison to naive guinea pigs. Studies dealing with passive 
transfer of resistance to ticks in guinea pigs has encountered 
mixed results. Serum from resistant animals was able to 
confer only slight resistance against Dermacentor andersoni 
ticks (Wikel and Allen, 1976a) and Ixodes holocyclus (Bagnall 
and Doube, 1975; Askenase, Bagnall, and Worms, 1982), but 
yielded significant resistance against Rhipicephalus 
appendiculatus (Askenase, Bagnall, and Worms, 1982) 
Rhipicephalus sanguineus (Brown and Askenase, 1981), and 
Amblyomma americanum (Brown and Askenase, 1981; Brown, 1982) .
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Wikel and Allen (1976a) reported that the passive 
transfer of serum from Dermacentor andersoni resistant guinea 
pigs to naive guinea pigs resulted in only a slight reduction 
of engorgement weight for larvae allowed to engorge on serum 
recipients. Transfer of serum from guinea pigs resistant to 
Ixodes holocvclus did not result in significant resistance by 
naive recipients, however, a mild cutaneous basophil 
hypersensitivity response did occur (Bagnall, 1978) . Many of 
the basophils arriving at the tick attachment sites possessed 
a degranulated appearance (Brown, Bagnall, and Askenase, 
1984). In contrast, a high level of resistance to infestation 
by larval Rhipicephalus appendiculatus. Rhipicephalus 
sanguineus. and Amblyomma americanum ticks was transferred to 
naive guinea pigs with serum from guinea pigs with a history 
of prior infestation with homologous tick larvae (Brown and 
Askenase, 1981; 1985).
Haynes, Rosenstein, and Askenase (1978) demonstrated that 
guinea pig IgGl, a homocytotrophic antibody, was involved in 
expression of cutaneous basophil hypersensitivity reactions. 
Antigen specific cutaneous basophil hypersensitivity responses 
were elicited in newborn guinea pigs after intravenous 
transfer of small amounts of guinea pig IgGl. Local passive 
transfer of IgGl antibody mediated a passive cutaneous 
anaphylaxis and not a cutaneous basophil hypersensitivity 
reaction, whereas systemic administration resulted in both
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passive cutaneous anaphylaxis and cutaneous basophil 
hypersensitivity reactions (Haynes et al, 1978).
The mechanism by which homocytotrophic antibody can 
transfer cutaneous basophil hypersensitivity reactions is 
unknown. But two known properties of IgGl that might 
participate in the attraction of basophils to a local area 
include its cytophilic attachment by its Fc portion to mast 
cells and basophils, and its ability to fix complement by the 
classical pathway, resulting in the generation of chemotactic 
factors for basophils (Haynes et al, 1978; Brown et al, 1982).
Graziano and Askenase (1979) reported that rabbit IgG and 
its isolated and purified Fc fragment inhibited the ability of 
guinea pig immune serum to transfer cutaneous basophil 
hypersensitivity. On the other hand, the (Fab')2 fragment did 
not block the ability of guinea pig immune serum to transfer 
cutaneous basophil reactions. The rabbit IgG and IgG 
fragments appear to block the binding of IgGl from resistant 
guinea pigs to Fc receptors on host cells, such as 
macrophages, lymphocytes, basophils, and skin mast cells. 
This would indicate that both the Fc portion of IgGl and the 
Fc receptors on host cells are involved in antibody-mediated 
cutaneous basophil hypersensitivity reactions.
Brown, Graziano, and Askenase (1982) demonstrated that 
IgGl antibodies were responsible for the ability of immune 
serum to transfer cutaneous basophil-associated immune 
resistance against Amblvomma americanum larvae. Intravenous
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transfer of immune serum from twice infested guinea pigs to 
naive animals conferred a significant level of immunity that 
resulted in 18 to 30% tick rejection.
Systemic intravenous transfer of IgGl antibodies that 
mediate cutaneous basophil hypersensitivity responses, also 
leads to the passive sensitization of circulating basophils 
and skin mast cells. Brossard, Monneron, and Papatheodorou 
(1982) used a degranulation test to determine the sensitivity 
of rabbit basophils to antigens from Ixodes ricinus females. 
They demonstrated that circulating basophils from rabbits 
repeatedly infested with Ixodes ricinus displayed progressive 
sensitization against salivary gland antigens. Specific IgG 
anti-Ixodes ricinus antibodies were detected by indirect 
immunofluorescence.
In the Amblvomma americanum-quinea pig system, the 
expression of resistance appears to require a type of 
synergism between basophils and eosinophils (Brown et al, 
1982). Brown and co-workers (1982) reported that an anti­
basophil serum reduced the number of basophils at tick 
attachment sites on resistant guinea pigs and lowered immunity 
to Amblvomma americanum. Anti-eosinophil serum markedly 
reduced the number of eosinophils at tick feeding sites but 
only partially impaired tick resistance (Brown et al, 1982). 
It was observed that anti-basophil serum treated animals had 
diminished eosinophils at tick feeding sites, possibly due to
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the decreased levels of basophil-derived eosinophil- 
chemotactic factors.
Using inbred guinea pigs, Bagnall (1975) was able to 
adoptively transfer resistance to Ixodes holocvclus with lymph 
node cells obtained from resistant guinea pigs to tick naive 
recipients. Resistance to Dermacentor andersoni could be 
passively transferred with viable cervical lymph node cells 
but not with serum (Wikel and Allen, 1976a).
Cross-Resistance
In 1939, Trager described the acquisition of cross­
resistance to ixodid ticks by both guinea pigs and rabbits. 
Infestation of guinea pigs with 100 larvae of either 
Dermacentor andersoni or Dermacentor variabilis resulted in 
cross-resistance to the other species. Rabbits previously 
infested with 100 larvae of either Dermacentor variabilis or 
Haemophysalis leporispalustris also were cross-resistant to 
challenge with the other species. Cross-resistance has since 
been reported by several other investigators. McTier, George, 
and Bennett (1981) attempted to demonstrate cross-resistance 
with the following tick-guinea pig systems: Dermacentor
andersoni X Dermacentor variabilis. Amblvomma americanum. 
Ixodes scapularis. Dermacentor andersoni and Amblvomma 
americanum X Dermacentor variabilis. Dermacentor andersoni. 
Ixodes scapularis. and Amblvomma americanum on guinea pigs. 
Larval Dermacentor andersoni resistant guinea pigs were
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divided into groups and challenged with Dermacentor andersoni. 
Dermacentor variabilis. Amblvomma americanum. or Ixodes 
scapularis larvae. A significant cross-resistance was 
observed between the Dermacentor species, as evidenced by the 
reduced number and weight of engorging ticks. Even though the 
engorgement weights of Amblyomma americanum and Ixodes 
scapularis were significantly reduced, the number of replete 
ticks was not changed. The above procedure was repeated for 
guinea pigs resistant to the feeding of larval Amblvomma 
americanum. These guinea pigs were found to be significantly 
cross-resistant to Dermacentor variabilis larvae but not to 
Dermacentor andersoni larvae. Heller-Haupt, Varma, and Langi 
(1981) used nymphal engorgement weights to assess cross­
resistance between Rhipicephalus appendiculatus. Dermacentor 
marginatus. Amblyomma hebraeum. Amblvomma varieqatum on 
rabbits and guinea pigs. Slight cross-resistance was detected 
only between Amblyomma varieqatum and Amblvomma hebraem. They 
concluded that infestation with one species of tick conferred 
resistance to a secondary infestation with the same species, 
but either no resistance or only partial resistance to 
infestation with a second species.
Peripheral Blood and Bone Marrow Changes
Basophils differentiate and mature in the bone marrow, 
circulate in the blood, and are not normally found in the 
connective tissue (Galli et al, 1984). Gordon and Allen
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(1979) monitored the numbers of basophils in the blood and 
bone marrow of guinea pigs during a primary and secondary 
infestation with the larvae of Dermacentor andersoni■ 
Peripheral blood basophil levels were elevated in these guinea 
pigs during both primary and secondary exposures. Blood 
basophilia showed a more rapid onset and reached higher 
concentrations in secondary infestations, than in primary 
infestations. Peripheral blood basophil numbers were observed 
to increase on the fourth day post primary infestation. In 
contrast, basophil numbers were elevated during the first day 
of the second infestation and continued to increase until one 
day after the end of the second infestation and then decreased 
to normal levels. Increases in bone marrow basophils may have 
slightly preceded those observed in the peripheral blood.
The increased basophilia correlated very closely to the 
time and concentration at which the basophils were found at 
attachment sites. No significant differences in concentrations 
of eosinophils, neutrophils, lymphocytes or monocytes were 
observed in blood samples from either tick exposed or control 
guinea pigs. Nor were significant differences found in the 
concentration of eosinophils, neutrophils or progranulocytes 
in bone marrow samples.
Brown and Askenase (1982) monitored the number of 
basophils and eosinophils in the blood of guinea pigs infested 
with Amblvomma americanum larvae. Unlike Gordon and Allen 
(1979) who found no change in the concentration of
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eosinophils, neutrophils, lymphocytes, or monocytes in either 
blood or bone marrow, Brown and Askenase (1982) reported 
peripheral blood eosinophilia which ran parallel with the 
basophilia. This eosinophilia could be correlated with 
increased numbers of eosinophils at tick attachment sites and 
would be consistent with earlier studies of the histology of 
Amblvomma americanum attachment sites in which eosinophils 
were the third most prominent cell type found (Brown and 
Knapp, 1980a; 1980b). The initial infestation elicited a
rapid eosinophil and basophil response, whereas reinfestation 
resulted in a significant eosinophilia and a less impressive 
basophilia possibly due to the distribution of basophils to 
the cutaneous tick attachment sites. Timing is important in 
the determination of the dominant cell type infiltrating tick 
attachment sites on tick resistant guinea pigs. Basophils 
were the primary cell type at 12 hours post-attachment in 
resistant guinea pigs, but by 72 hours post-attachment 
eosinophils were dominant (Brown and Knapp, 1981). Allen 
(1973) observed infiltrating basophils within infested skin 
sites seven days after the start of the first infestation. 
Basophils were found in large numbers both in the dermis and 
epidermal vesicles of resistant guinea pigs.
Host Factors Involved in Tick Resistance
Host reaction to tick feeding is complex, and depends on 
the species of tick and host, duration of attachment, and
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immune status of the host. Introduction of salivary gland 
secretions into an immune competent host results in a wide 
range of effects. A number of cellular, humoral, and mediator 
components have been implicated in the primary and secondary 
response.
Langerhans Cells
Langerhans cells are dendritic, adenine 
triphosphatase-positive cells located in the epidermis, that 
are capable of trapping antigens, moving to local lymph nodes 
and presenting the antigens to sensitized T-cells (Stingl, 
1980). These sensitized T-cells then secrete chemotactic 
factors which recruit circulating basophils. Recruited 
basophils infiltrate the tick attachment site and assist in 
the immune resistance response.
Even though Langerhans cells are relatively inactive in 
phagocytosis, they have been shown to take up antigens and 
allergens (Shelley and Juhlin, 1977) . Langerhans cells 
possess immunological markers and cell membrane surface 
receptors similar to those found on la-bearing macrophages, 
namely Ia-histocompatibility antigens with Fc-IgG and C3 
receptors. This allows these cells to mimic the function of 
la-bearing macrophages in the elicitation of antigen-specific 
and allogeneic T-cell activation and proliferation (Stingl, 
1980) .
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Using the technique of indirect immunofluorescence, 
Allen, Khalil, and Wikel (1979) demonstrated tick salivary 
gland antigens trapped in dendritic Langerhans-like cells in 
the epidermis during a secondary infestation with Dermacentor 
andersoni larvae. Using a standard light level approach to 
identification of this cell type, Nithiuthai and Allen (1984a) 
were able to identify and monitor epidermal Langerhans cell 
numbers at tick attachment sites. The number of Langerhans 
cells decreased significantly at sites of tick attachment on 
susceptible animals but showed an increase in number at these 
sites on resistant animals (Nithiuthai and Allen, 1984a). In 
areas free of tick attachment, the density and morphology of 
Langerhans cells in the epidermis appeared normal. Schleger 
and Bean (1976) reported a marked reduction in the number of 
Langerhans cells in the epidermis of cattle after 24 hours of 
infestation with Boophilus microplus larvae.
Irradiation of the skin of guinea pigs with ultraviolet 
light markedly reduced the population of epidermal Langerhans 
cells. Nithiuthai and Allen (1984b, 1984c) reported that 
ultraviolet irradiation of guinea pig ears prior to a primary 
infestation with Dermacentor andersoni larvae resulted in a 
significant reduction in acquired resistance to these ticks. 
Resistant animals treated in the same manner also demonstrated 
a marked reduction in the ability to express tick resistance.
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Mast Cells
Mast cells are generally located within the connective 
tissues where they are often situated adjacent to blood and 
lymphatic vessels, near or within nerves, and beneath 
epithelial surfaces that are exposed to environmental antigens 
such as the skin, respiratory and gastrointestinal systems 
(Galli, Dvorak, and Dvorak, 1984). Mast cells are also a 
small but normal component of bone marrow and lymphoid 
tissues. Mature mast cells do not circulate in the blood.
Guinea pig mast cells are characterized by unsegmented 
nuclei and a cytoplasm that lacks glycogen aggregates (Galli, 
Dvorak, and Dvorak, 1984). Mast cell nuclei generally lack 
peripherally condensed nuclear chromatin and possess 
cytoplasmic granules that are small with a crystalline 
ultrastructure.
The release of mast cell vasoactive mediators such as 
histamine, SRS-A, PAF, 5-HT, and prostaglandins, increases 
vascular permeability and smooth muscle contraction, which 
assists in the infiltration of effector cells (Galli, Dvorak, 
and Dvorak, 1984). Mast cell chemotactic mediators include 
ECF-A, ECF(s), HMW-NCF, LTB, and PGD2 which act as chemotactic 
substances for eosinophils, neutrophils, monocytes, 
lymphocytes, and basophils. Mast cells possess membrane 
receptors capable of binding the Fc region of IgE molecules. 
Upon antigen exposure, they degranulate to release mediators.
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Other mediators include arylsulfatase, beta-gluconidase, beta- 
hexosaminidase, chymase, and heparin.
Matsuda and coworkers (1985) used mast cell deficient 
mice to investigate the role of mast cells for acguisition of 
resistance against larval Haemaphysalis lonqicornis ticks. 
They found that mast cell deficient mice were unable to 
acquire resistance until a bone marrow transplant replenished 
the deficient mast cells. In another study using the same 
mast cell deficient strain of mice, denHollander and Allen 
(1985b) were able to demonstrate acquisition of resistance 
against Dermacentor variabilis larvae. However, this 
resistance was not as strong as that of similar mast cell 
sufficient mice. Using the technique of electron microscopy, 
Steeves and Allen (1990) identified eosinophils, neutrophils, 
and basophils in the skin of both mast cell deficient and mast 
cell sufficient mice undergoing tertiary infestations with 
larval Dermacentor variabilis.
Neutrophils
Neutrophils are one of the first leukocytes to accumulate 
at tick feeding sites during a primary infestation. Brown and 
Askenase (1983) reported that up to the third day of feeding 
in the guinea pig, 40-60% of the leukocytes infiltrating the 
lesion were neutrophils.
Neutrophils circulate in the peripheral blood and migrate 
in response to chemotactic stimuli to sites of acute
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inf lamination where they ingest foreign particles, discharge 
enzyme-containing cytoplasmic granules into either phagocytic 
vacuoles or the local environment, and generate reactive 
oxygen metabolites (Styrt, 1989). Neutrophil activation can 
be triggered by membrane-active chemicals or by ligands for 
specific membrane receptors. These receptors include 
complement receptors and related adhesion proteins, and 
receptors for the Fc terminus of the IgG molecule (Styrt, 
1989).
Much of the tissue destruction around tick attachment 
sites has been attributed to the action of neutrophils 
(Tatchell, 1969). This tissue destructive ability is being 
linked to the neutrophil's ability to release a complex 
assortment of agents that can destroy normal cells and 
dissolve connective tissues. Enzymes released from neutrophil 
granules include lysozyme, glucuronidase, and various 
proteases which contribute to the inflammatory process. 
Prostaglandins, leukotrienes, and other mediators can also be 
produced, modulating the local environment.
Basophils
Basophils, and to a lesser extent eosinophils, are the 
primary cell types involved in the inflammatory response 
associated with ixodid tick resistance on repeatedly infested 
vertebrate hosts. Tick rejection coincides with the arrival 
and degranulation of basophils and for many tick species, the
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level of resistance can be correlated with the strength of the 
cutaneous basophil response (Allen, 1973).
Basophil ultrastructure varies with the host species. 
Mature guinea pig basophils possess segmented nuclei with 
heavily condensed chromatin and cytoplasms containing several 
large oval granules (Galli, Dvorak, and Dvorak, 1984). These 
granules demonstrate a characteristic, regular crystalline 
array. Basophil granules contain heparin, histamine, 
serotonin (5-hydroxytryptamine), various hydrolytic enzymes, 
and membrane like material that is metabolized to 
prostaglandins and leukotrienes. In unstimulated basophils, 
the rough endoplasmic reticulum, Golgi apparatus, and 
cytoskeletal elements are not prominent (Galli, Dvorak, and 
Dvorak, 1984).
Guinea pig basophils undergoing anaphylactic 
degranulation possess degranulation sacs containing numerous 
membrane free granules (Galli, Dvorak, and Dvorak, 1984). 
Using the technigue of electron microscopy, the process of 
basophil degranulation has been resolved into two overlapping 
phases. The first phase involves the fusion of cytoplasmic 
granule membranes to form degranulation sacs. These 
degranulation sacs eventually communicate with the 
extracellular space by a narrow pore (Galli, Dvorak, and 
Dvorak, 1984). The second phase involves the resolution of 
newly formed degranulation sacs with granule matrix extrusion 
(Galli, Dvorak, and Dvorak, 1984)
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Previously infested guinea pigs demonstrate a cutaneous 
basophil hypersensitivity reaction at tick attachment sites. 
These reactions have a delayed time course, becoming apparent 
at 4-6 hours and maximal at 18-24 hours after a skin test 
(Galli, Dvorak, and Dvorak, 1984). These reactions exhibit 
little fibrin deposition and are typically flat, nonindurated 
lesions. Galli, Dvorak, and Dvorak (1984) reported that in 
typical guinea pig cutaneous basophil hypersensitivity 
reactions, 300-600 basophils are present per linear millimeter 
of skin surface and account for 20-90% of leukocytes in the 
papillary or superficial dermis. The accumulation of 
basophils resulting from repeated tick infestations appears to 
be dependent upon T-lymphocytes (Wikel and Allen, 1976b; 
Bagnall, 1978), antibodies (Askenase, 1977), and complement 
(Wikel, 1979).
Askenase, Graziano, and Worms (1979) suggested that the 
arrival and accumulation of basophils at a delayed 
hypersensitivity reaction was important in the augmentation of 
the anaphylactic potential of that given tissue site. They 
noted that 24 and 48 hours after skin testing with a single 
injection of antigen, the majority of basophils that arrived 
had normal appearing granules. However, if additional antigen 
was available, the newly arriving cells began to degranulate 
and release various mediators.
The basophil mediators may have a protective function by 
releasing mediators that can chemoattract effector cells,
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activate platelets, increase vascular permeability for 
antibodies and complement, contract smooth muscle and augment 
the diapedesis of infiltrating effector cells (Galli, Dvorak, 
and Dvorak, 1984). The basophil mediators could also regulate 
the inflammatory response via the released histamine which has 
an immunoregulatory function through histamine-2 receptors on 
suppressor T-cells.
Eosinophils
Eosinophils are present normally in small numbers in the 
peripheral circulation, but may accumulate in areas of 
immediate hypersensitivity responses, helminthic infestations, 
and certain neoplasms. When stimulated by a variety of 
soluble agents or opsonized particles, eosinophils respond 
with an increase in oxygen consumption, which is associated 
with the release of superoxide and hydrogen peroxide (Baehner 
and Johnston, 1971). Concomitant with the respiratory burst is 
the release of granule contents either into the phagosome or 
the extracellular fluid.
Eosinophil granules have a characteristic electron 
microscopic appearance and stain intensely with acid dyes 
(Weller and Goetzl, 1979). Three types of eosinophil granule 
have been recognized. Primary granules are round, uniformly 
electron dense, and characteristic of eosinophilic 
promyelocytes. During differentiation, these granules develop 
cores and are called secondary or specific granules. Secondary
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granules consist of an electron dense core or crystalloid and 
an electron-radiolucent matrix. A third type of granule, the 
small granule, is reported to contain acid phosphatase and 
arylsulfatase.
The guinea pig eosinophil major basic protein (MBP) 
accounts for more than 50 percent of the granule protein and 
approximately 25 percent of the total cellular protein of the 
eosinophil (Gleich et al, 1973; 1974). The crystalline core of 
the guinea pig eosinophil granule appears to be composed 
entirely of major basic protein. Release of MBP has been 
implicated as a mechanism in eosinophil-mediated killing of 
parasites and elevated levels of MBP have been observed in 
serum of individuals with eosinophilia and at eosinophil-rich 
sites of inflammation. Acid and alkaline phosphatase, 
arylsulfatase, histaminase, leucine aminopeptidase, 
lysophospholipase, major basic protein, peroxidase, adenosine 
triphosphatase, prostaglandin El and phospholipases B and D 
are a few of the substances that have been detected in the 
eosinophil granule by means of biologic, histochemical, or 
electron microscopic techniques (Popper et al, 1989). 
Membrane receptors include receptors for complement 3b, Fc 
receptors for IgE and IgG, and receptors for estrogen and 
leukotrienes (Popper et al, 1989).
Eosinophil function is subject to modulation. 
Eosinophils are able to modulate immediate-type 
hypersensitivity reactions through enzymes that degrade mast
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cell-derived mediators (Weller and Goetzl, 1979) . Eosinophils 
appear to have anti-inflammatory and inflammatory functions. 
These cells contain a variety of enzymes, mediators, and 
membrane receptors which may function in tick rejection.
Local eosinophil accumulation can be induced by antigen- 
antibody complexes (Parish, 1972) and may involve eosinophil 
chemotactic factors such as PAF, LTB4, histamine, and ECF-A 
(Wardlaw et al, 1986) which are secreted by sensitized mast 
cells. Protein fragments, such as C5a and complexes including 
C567 and C3bBb are generated by activation of the complement 
pathways and attract eosinophils as well as other types of 
leukocytes. Peroxidase activity is localized to the granule 
matrix.
Lymphocytes, monocytes, mast cells and endothelial cells 
appear to play a role in eosinophil activation (Thorne and 
Mazza, 1991). CD4 lymphocytes secrete the colony-stimulating 
factors IL-3, GM-CSF and IL-5 in response to antigenic 
stimulation. Monocytes secrete activating factor EAF, ECEF, 
and TNF spontaneously or in response to antigens or mitogens. 
Mast cells respond to antigenic stimuli with production of the 
colony stimulating factors and also production of the lipid 
mediator PAF (Broudy et al, 1986) . Endothelial cells secrete 
GM-CSF and PAF (Broudy et al, 1986; Munker et al, 1986).
In most situations, the expression of immunity requires 
the local cooperation of different cell subsets. Both 
basophils and eosinophils appear to be important in the
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expression of tick resistance. Each of these cells can 
mediate cytotoxicity independently. However, work with mast 
cells suggests at least two potential mechanisms for basophil- 
eosinophil synergism occurring in immunity to ectoparasites 
(Galli, Dvorak, and Dvorak, 1984). The first mechanism is 
based on the observation that eosinophil peroxidase expresses 
greater iodinating and cytocidal activity when bound to mast 
cell granules than when free in solution. Since guinea pig 
basophil granules, like mast cell granules, contain poorly 
soluble negatively charged sulfated glycosaminoglycans, these 
substances may bind and potentiate the activity of eosinophil 
peroxidase. Secondly, mast cells or mast cell ECF-A 
tetrapeptides appear to enhance eosinophil-mediated damage. 
This raises the possibility that basophil-derived factors may 
augment eosinophil-mediated cytotoxicity reactions.
Another possibility is that basophil or mast cell derived 
mediators may serve to dampen inflammation under certain 
circumstances (Galli, Dvorak, and Dvorak, 1984). In vitro 
studies have shown that histamine inhibits IgE mediated 
histamine release from basophils, lysosomal enzyme release 
from neutrophils, and T-cell mediated allogeneic cytotoxicity. 
Histamine also stimulates H2-receptor-bearing lymphocyte 
proliferation and lymphokine production in vitro, as well as 
activates both suppressors and contrasuppressor T-cells.
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Tick Attachment Sites
The histology of tick attachment sites show basophils to 
be significant in the immune resistance response of cattle to 
Ixodes holocvclus (Allen, Doube, and Kemp, 1977), Amblvomma 
americanum (Brown, Barker, and Askenase, 1984), and Hvalomma 
anatolicum (Gill, 1986). Schleger and colleagues (1976) 
observed only a few basophils at the larval attachment sites 
for Boophilus microplus. These results may have been due to 
the stain (0.25% alcoholic eosin followed by azure II- 
methylene blue mixture) and the method of staining.
Allen, Doube, and Kemp (1977) examined the histology of 
skin lesions associated with the attachment of adult female 
Ixodes holocvclus ticks on naive and tick resistant Bos taurus 
calves. Degranulation of mast cells and the infiltration of 
the upper dermis with eosinophils was observed early in the 
infestation of both sets of calves. On previously infested 
cattle, large numbers of blood borne basophils accumulated at 
tick attachment sites with an accompanying spongiosis in the 
overlying epidermis. Doube and Kemp (1975) reported that 
vesiculation, followed by serous exudation and encrustation 
caused the eventual entrapment of attached ticks, which either 
die in situ or did not engorge.
In 1984, Brown and coworkers demonstrated that the 
cutaneous cellular response at adult Amblvomma americanum 
attachment sites on susceptible Holstein calves consisted 
primarily of mononuclear cells. By 48 hours, basophils
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comprised 19% of the cellular infiltrate. In contrast, the 
cellular responses at tertiary feeding sites were marked by a 
significant increase in the number of infiltrating basophils. 
As early as six hours post-attachment, intraepidermal vesicles 
were packed with basophils which were comprising 18% of the 
cellular infiltrate (Brown et al, 1984). Eosinophil and 
neutrophil levels appeared to be lower in the tertiary hosts.
Gill (1986) examined Hvalomma anatolicum attachment sites 
from both primary and tertiary infestations on Bos taurus 
calves. During primary infestations, the dermal cellular 
infiltrate was predominantly neutrophils (43-71%) followed by 
mononuclear cells (25-35%). Basophils and eosinophils were 
noted at 72 hours and 144 hours, respectively. On Bos taurus 
calves demonstrating acquired resistance, the cellular 
infiltrate consisted primarily of three cell types, 
neutrophils, basophils, and eosinophils. Basophils and 
eosinophils were demonstrated by 24 hours post-attachment. 
Neutrophil rich epidermal vesicles were found beneath the 
mouthparts of feeding ticks.
Basophils have also been shown to play a role in rabbit 
resistance to Ixodes ricinus (Brossard and Fivaz, 1982), 
Ixodes dammini (Krinsky et al, 1982), Hvalomma anatolicum 
anatolicum (Gill, 1986) and Rhipicephalus appendiculatus 
(Rubaire-Akiki and Mutinga, 1980).
Attachment sites of Hvalomma anatolicum anatolicum fed on 
resistant rabbits revealed more mononuclear cells,
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eosinophils, and basophils than those on naive rabbits (Gill 
and Walker, 1985). Examination of Rhipicephalus 
appendiculatus feeding sites on resistant rabbits revealed 
epidermal hyperplasia, vesiculation, and eosinophil 
infiltration and degranulation at attachment sites 
(Rubaire-Akiki and Mutinga, 1980). Basophils and mast cells 
were not readily detected during any infestation. Tissue 
samples were taken at three days post-attachment for larvae 
and nymphs, and five days post-attachment for adult 
infestations.
Large infiltrates of basophils have been described at 
tick attachment sites on resistant guinea pigs to the 
following ixodid ticks: Dermacentor andersoni (Allen, 1973), 
Ixodes holocvclus (Bagnall, 1975; Bagnall and Doube, 1975; 
Brown, Bagnall, and Askenase, 1984), Amblvomma americanum 
(Brown and Knapp, 1980a; 1980b; 1981; Brown, 1982), 
Rhipicephalus sanguineus (Brown and Askenase, 1981), Ixodes 
dammini (Krinsky, Brown, and Askenase, 1982), and 
Rhipicephalus appendiculatus (Brown, Worms, and Askenase, 
1983b; McLaren, Worms, and Askenase, 1983).
In 1973, Allen reported the presence of epidermal 
vesicles filled with basophils beneath the mouthparts of 
attached Dermacentor andersoni larvae being fed on resistant 
guinea pigs. These larvae detached or changed attachment sites 
more frequently on the resistant animals than on the naive 
animals (Allen and Kemp, 1982). Allen and Kemp (1982)
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reported that numerous larvae died after detachment or while 
attached to resistant hosts between 8 and 26 hours 
post-infestation, which could be correlated with basophil 
infiltration and degranulation.
Ixodes holocvclus larvae fed on actively sensitized 
guinea pigs developed a delayed hypersensitivity reaction 
characterized by a marked accumulation of basophils around 
tick attachment sites (Bagnall and Doube, 1975). Larvae fed 
normally for 24 hours. Between 72 and 9 6 hours 
post-attachment, feeding was notably retarded. No epidermal 
vesicles filled with basophils were described. Using the same 
tick-host system, Brown, Bagnall, and Askenase (1984) reported 
that the dermal cellular infiltrate initially consisted of 
mononuclear cells, which was followed by numerous basophils by 
48 and 72 hours post-attachment. Eosinophils and neutrophils 
were present in very low numbers. In the Ixodes 
holocvclus-guinea pig system, only basophils appear to mediate 
tick resistance (Brown et al, 1984). This differs from other 
ixodid tick-guinea pig systems where there is a relatively 
strong eosinophil response, indicating the participation of 
both eosinophils and basophils in the tick resistance response 
(Brown et al, 1984).
Mononuclear cells were the predominant cells composing 
the dermal cellular infiltrate at larval Rhipicephalus 
sanguineus attachment sites engorging on resistant guinea pigs 
(Brown and Askenase, 1981). A small but significant cutaneous
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basophil response was noted with accumulations of eosinophils 
at the periphery of feeding sites.
Guinea pigs developed resistance to Ixodes dammini nymphs 
after two previous larval infestations (Krinsky et al, 1982) . 
Skin lesions contained large numbers of basophils with smaller 
numbers of eosinophils. Attached adults did not appear to 
feed on control or resistant guinea pigs, but lesions did 
develop.
Lesions produced by Rhipicephalus appendiculatus larvae 
fed on actively sensitized guinea pigs were dominated by 
basophils (Brown et al, 1983b; McLaren et al, 1983). Basophils 
began to migrate into the dermis within 6 hours and signs of 
anaphylactic degranulation were evident by 12 hours 
post-attachment. McLaren and co-workers (1983) reported 
maximal basophil degranulation occurring at about 18 hours 
post-attachment, versus 72 hours post-attachment reported by 
Brown, Worms, and Askenase (1983b).
On naive guinea pigs, neutrophils were the primary 
infiltrating cell type at larval, nymphal, and adult 
Amblvomma americanum feeding sites, with erythrocytes and 
eosinophils appearing in greater numbers as feeding progressed 
(Brown and Knapp, 1980a; 1980b). In resistant guinea pigs, 
the feeding sites displayed a dermal cellular infiltrate 
dominated by basophils, larger numbers of eosinophils, and 
relatively few neutrophils (Brown and Knapp, 1981; Brown, 
1982) . Brown (1982) reported a greater cellular response in
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the dermis of resistant versus susceptible hosts during tick 
feedings.
Host Mediators
It has been proposed that tick resistance depends upon 
the local release of histamine and other mediators from 
degranulating basophils, eosinophils, and mast cells resulting 
in disruption of the normal feeding behavior of ticks attached 
nearby (Willadsen, 1980; Wikel, 1982a). Histamine is a 
bioactive amine that causes smooth muscle contraction, 
increases the permeability of capillaries, and permits 
additional effector cells and serum proteins, such as 
antibody, to enter the area of damaged tissue.
Wikel (1982a) quantitated levels of histamine 
concentrations at tick attachment sites and found levels 
significantly higher in resistant versus susceptible guinea 
pigs. Resistant cattle had twice the level of tissue
histamine than susceptible animals (Willadsen et al, 1979). 
Schleger and co-workers (1976) suggested the elevated levels 
of histamine and other mediators may have arisen from mast 
cells present in bovine skin. Degranulated mast cells were 
more numerous in the skin of resistant than susceptible cattle 
(Schleger et al, 197 6) . Basophils appear to be the major 
source of histamine and similar mediators in the guinea pig 
system. Allen and Kemp (1982) recorded the presence of 10 mM
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concentrations of histamine in epidermal vesicles beneath 
attached ticks.
Histamine injected into the skin at Boophilus microplus 
larval attachment sites resulted in tick withdrawal or death 
(Kemp and Bourne, 1980) and histamines added to artificial 
media resulted in cessation of tick feeding (Paine et al, 
1983). In 1983, Paine and co-workers electronically recorded 
the salivation and blood-sucking activities of ticks when they 
fed in vitro through mouse skin membranes. They demonstrated 
that when histamine and serotonin were added to the feeding 
medium at concentrations less than 10 mM, the salivation and 
bloodsucking activities tended to cease, and several ticks 
were induced to detach.
Actively and passively sensitized animals treated with HI 
and H2 histamine receptor antagonists expressed normal levels 
of immunity to Amblvomma americanum (Brown and Askenase, 
1985). These findings led the authors to believe that 
basophil-derived histamine was of secondary importance in host 
immunity to this tick. However, they did demonstrate that a 
basophil-derived mediator was important and that there were 
two phases during feeding where ticks were susceptible to the 
mediator(s): 6 and 24 hours after attachment coinciding with 
the attachment and induction of the fast feeding phases.
Complement contributes also to tick-resistance in guinea 
pigs. Wikel and Allen (1977) treated guinea pigs with Cobra 
Venom Factor thereby depleting hemolytic complement levels by
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85-95% for periods of five days. Animals which had previously 
acquired resistance were unable to express the resistance and 
there were reduced numbers of basophils accumulated at feeding 
sites.
Using the technique of indirect immunofluorescence, 
Allen, Khalil, and Wikel (1979) demonstrated the deposition of 
C3 at the dermo-epidermal junction near tick attachment sites 
and in the epidermal vesicles of resistant guinea pigs. It 
was postulated that complement activation at these sites might 
be of importance in the attraction of basophils to these 
areas. C5a, a complement cleavage product, is an 
anaphylatoxin with chemotactic and granulocyte-aggregating 
properties (Cooper, 1984) . C5a also has the ability to 
activate intracellular functions in some cells resulting in 
release of oxygen metabolites and leukotrienes (Cooper, 1984). 
Ward and colleagues (1975) reported C5a as chemotactic for 
guinea pig basophils.
Wikel (1979) demonstrated the importance of complement 
activation via the alternative pathway in the expression of 
tick resistance. Using C4-deficient guinea pigs, he 
demonstrated the ability of these guinea pigs to acquire and 
express resistance to Dermacentor andersoni larvae at the same 
level as animals with no complement deficiencies. C4 is 
necessary for the classical pathway of activation but not for 
activation of the alternative complement pathway. Tick
resistance in this system was characterized by a cutaneous
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basophil hypersensitivity response and serous exudate which 
trapped and killed unengorged larvae.
Several researchers have reported the production of 
precipitating and/or homocytotropic antibody in laboratory 
animals infested with ixodid ticks (Boese, 1974; Fujisaki, 
1978; McGowan, Camin, and McNew, 1979; Whelen, Richardson, and 
Wikel, 1986). The role of antibody in expression of 
resistance has been studied by many investigators (Bagnall, 
1975; Bowessidjaou, Brossard, and Aeschlimann, 1977; Brossard 
and Girardin, 1979; Brown and Askenase, 1981; Rubaire-Akiki 
and Mutinga, 1980b; Trager, 1939b; Wikel and Allen, 1976a, 
1976b).
Digestive System
The digestive system in both argasid and ixodid ticks can 
be divided into three different regions, namely the foregut, 
midgut, and hindgut (Balashov, 1972; Coons, Rosell-Davis, and 
Tarnowski, 1986). Each region differs in its function and 
histology, and each can be further subdivided anatomically. 
The foregut is subdivided into a pharynx and an esophagus. 
The pharynx possesses a muscle arrangement which allows it to 
expand, contract, and imbibe the blood meal.
In the posterior section of the pharynx, the diameter and 
thickness of the sclerotized walls gradually decreases, the 
dilator muscles disappear, and it becomes the tubelike 
esophagus (Balashov, 1972). From the end of the pharynx, the
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esophagus first curves slightly forward and downward before 
turning sharply backwards and upwards to enter the gut 
ventrally at its anterior end. The posterior end of the 
esophagus opens into the stomach which forms a ringlike fold 
called the proventricular valve. This valve is believed to 
prevent the flow of blood from the stomach into the pharynx. 
The underlying epithelial cells secrete the cuticle that lines 
the esophageal lumen. The esophagus probably functions only 
as a food transfer tube.
The midgut consists of a stomach (ventriculus), a 
variable number of blind diverticulae (intestines or caecae) 
and a rectal tube (Balashov, 1972; Coons, Rosell-Davis, and 
Tarnowski, 1986). Several investigators have found a valve at 
the esophageal-ventriculeal junction (Gregson, 1960; Till, 
1961; Sonenshine and Gregson, 1970) . No valves have been 
reported between the ventriculus and caecae, or the 
ventriculus and rectal tube.
In 1972, Balashov described elaborately the morphology of 
both argasid and ixodid digestive tracts. Argasidae have a 
central saclike stomach with numerous secondary branches of 
the primary caeca extending from it (Balashov, 1972). The 
first four pairs of anterolateral branches extend laterally 
from a common base near the anterior end of the stomach but 
later divide into independent caecae. The fifth pair of caecae 
extend laterally almost at right angles to the longitudinal 
body axis, and upon reaching the lateral wall curve ventrally
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and return to the xnidline, where they abruptly turn anteriorly 
and terminate under the anterior end of the stomach. The 
posterolateral pairs (sixth through seventh pairs) extend from 
a common base near the caudal end of the stomach and terminate 
at the posterior wall. These caecae are usually the most 
highly developed, with their distal ends usually split into 
many short, shallow folds (Balashov, 1972).
The ixodids also have seven pairs of primary caecae 
extending from a centrally located stomach (Balashov, 1972). 
The stomach in ixodids is usually shorter and thinner than in 
the argasids, with the lateral diverticulae being longer and 
less often, secondarily divided. Ixodid diverticulae also 
tend to curve ventrally and form numerous loops. In females, 
the first through fifth pairs of anterolateral caecae extend 
from common bases at the anterior corners of the stomach. The 
sixth and seventh pairs of posterolateral caecae also arise 
from the caudal end of the stomach.
The rectal bulb and the rectum compose the hindgut. The 
well developed musculature of the rectal bulb assists in 
moving the fecal material during defecation, while the rectum 
or anal canal is short and lined by chitin (Efremova, 1967; 
Coons, Rosell-Davis, and Tarnowski, 1986) . Several 
investigators have reported that the rectum's musculature 
opens and closes the anal valves during defecation (Douglas, 
1943; Till, 1961; Sonenshine and Gregson, 1970). The rectal 
musculature originates on the margins of the anal plates and
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inserts into the rectal tube. The midgut and hindgut are 
connected by the rectal tube.
Sonenshine and Gregson (1970) suggested an ectodermal 
origin for the foregut and hindgut (rectum) since their 
chitinous lining was continuous with the integumental cuticle. 
Aeschlimann (1958) suggested that the ventriculus, caecae, 
rectal bulb and Malpighian tubes were of endodermal origin 
since they lacked a cuticular lining. Based on the presence 
or absence of a cuticular lining, on similarities and 
differences in cellular ultrastructure, and on gross anatomy, 
Coons, Rosell-Davis, and Tarnowski (1986) concluded that the 
digestive system of ticks consists of a foregut composed of a 
pharynx and esophagus; a midgut composed of a ventriculus, 
numerous diverticulae, and a rectal tube; and a hindgut 
consisting of a rectum. They suggested that the rectal bulb 
should be considered as a part of the Malpighian tubes.
Host tissues and fluid are sucked in by a pharyngeal pump 
and passed through the esophagus into the midgut (Balashov, 
1972). As blood enters the midgut, it passes into a large 
central chamber (stomach or ventriculus) and then into one of 
several pairs of highly branched diverticulae (caecae). Blood 
meal digestion occurs intracellularly in specialized 
epithelial cells in the stomach and diverticulae. These 
epithelial cells rest on a basal lamina covered on the 
hemocoelic side by circular and longitudinal muscle layers.
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The contractions of these muscle cells results in peristalsis 
and moves the blood meal through the digestive tract.
Feeding Period
In 1952, Lees reported that the feeding period was a 
special developmental time for ixodids, characterized by 
concurrent feeding and digestion that resulted in extensive 
body growth. During a study of protein digestion and 
synthesis in the ixodid female, Rhipicephalus sanguineus. 
Araman (1979) suggested the presence of two biologically and 
biochemically distinct phases, the developmental phase and the 
vitellogenic phase. The developmental phase occurred during 
engorgement and was concerned with activities related to body, 
organ, and integumental growth and development.
During engorgement, a female tick progressed through 
three feeding phases: the preparatory phase, the growth phase, 
and the expansion phase (Balashov, 1972) . The preparatory 
phase began immediately after attachment of the female tick to 
the host and lasted for approximately 24 hours (Araman, 1979). 
During this period, no change in body weight or size was 
observed. However, a slight increase in midgut hemoglobin 
concentration was noted, indicating that some engorging had 
taken place (Araman, 1979) . Balashov (1961) suggested that it 
was during this phase that the tick completes its transition 
from a free to a parasitic life and the digestive system 
begins to develop.
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The second feeding phase, or the growth phase, occurs 
from about 24 hours after attachment until 12-24 hours before 
detachment (Araman, 1979). This phase was characterized by a 
gradual but continuous increase in body weight and size, with 
a gradual and constant increase in midgut hemoglobin 
concentration. The amount of excreta and level of hematin 
also underwent a gradual but constant increase, indicating a 
higher rate of feeding and digestion (Araman, 1979). It is 
during the growth phase that feeding and digestion are very 
intensive. The growth phase is associated with active 
ingestion, concentration, digestion, and assimilation of host 
blood resulting in organ and cuticle growth (Araman, 1979).
The third feeding phase or the expansion phase occurs 
during the last 12-24 hours of feeding and is characterized by 
sharp and rapid increases in body weight, size, and midgut 
hemoglobin concentration (Araman, 1979). Interestingly, there 
is a sharp decrease in the amount of excreta and hematin 
produced, indicating a decline in the rate of blood digestion 
despite the large amount of blood ingested.
The vitellogenic phase represents that period of time 
from detachment through completion of oviposition. It is 
during this phase that the vitellogenins and other proteins 
involved in vitellogenesis are mostly synthesized.
Coons, Rosell-Davis, and Tarnowski (1986) suggested that 
female ixodids underwent two different feeding and two 
different post-feeding periods, in contrast to Balashov's
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(1972) and Araman's (1979) divisions of engorgement. 
Depending on the species and feeding conditions, female ticks 
feed for six or more days in what is called a slow feeding 
phase (Coons, Rosell-Davis, and Tarnowski, 1986). During this 
time the weight of Amblvomma americanum females increases from 
four to 3 00 mg (Sauer et al, 1979) , whereas Dermacentor 
andersoni females increase their weight from ten to 250 mg 
(Kaufman, 1976). Twelve to 24 hours prior to detachment, 
mated females enter a rapid engorgement phase characterized by 
an increased uptake of blood (Balashov, 1972) . Amblvomma 
americanum females weigh between 500-1000 mg (Sauer et al, 
1979) and Dermacentor andersoni females about 750 mg (Kaufman, 
1976) following rapid engorgement. It is during this phase of 
feeding that the mated female imbibes large guantities of 
blood. Mating appears to be the stimulus for rapid 
engorgement, since feeding virgin ixodids will not undergo 
rapid engorgement until they have mated (Aeschlimann and 
Grandjean, 1973; McSwain et al, 1982). At the completion of 
rapid engorgement, the female ixodid detaches from the host.
Following rapid engorgement are the two-post feeding 
phases: preoviposition and oviposition. After oviposition, 
the female dies (Smith et al, 1946). Male ixodids do not have 
different feeding and post-feeding periods.
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Phases of Digestion
Some of the main differences in the life histories of the 
Argasidae and Ixodidae are seen in their strategies for 
feeding, mating, and oviposition. These differences in 
argasid and ixodid life histories greatly influence the 
process of digestion (Arthur, 1962; 1965; Aeschlimann and 
Grandjean, 1973). Blood digestion and related processes in 
ticks has been reviewed by Akov (1982) , Kaufman and Sauer 
(1982), and Coons, Rosell-Davis, and Tarnowski (1986).
Blood meal digestion in ticks is different from blood 
meal digestion in other bloodsucking arthropods. In most 
hematophagous insects, such as horseflies, tsetse flies, 
mosquitoes, sandflies, fleas, lice, and bugs, digestion occurs 
extracellularly at neutral or slightly alkaline pH (Akov, 
1982; Gooding, 1972). In ticks, blood digestion is a slow 
intracellular process (Arthur, 1965; Balashov, 1972; Grandjean 
and Aeschlimann, 1973), the ultrastructural features of which 
have been studied in the midgut epithelial cells of several 
species of argasid and ixodid ticks.
Digestion in argasid ticks starts after the tick has 
dropped off the host and proceeds in three stages (Arthur, 
1965; Balashov, 1972). The duration of each stage depends on 
the species of tick, on physiological factors such as 
temperature, and in females, on mating status (Galun and 
Warburg, 1967; Aeschlimann and Grandjean, 1973). The three 
stages of blood meal digestion in argasids include no
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digestion, rapid digestion, and slow digestion (Tatchell, 
1964; Guirgis, 1971; Balashov, 1972; Grandjean and 
Aeschlimann, 1973; Grandjean, 1983). In the argasid, 
Ornithodoros moubata. the no digestion phase involves a 
stretching of the undifferentiated midgut epithelium by the 
ingested blood meal. There is no evidence of digestion 
occurring during this phase. This phase continues for 
approximately two days after ingestion of the blood meal and 
it is during this period, that the blood meal is concentrated 
by the removal of excess water and ions across the midgut 
epithelium.
Rapid digestion, the next phase, continues from the end 
of the first phase until oviposition. Many active digestive 
cells begin to appear during the rapid digestion phase, and 
start to take up the blood meal and digest it. During the 
first phase and early part of the second phase, the red blood 
cells are lysed. Crystallization of the hemoglobin may occur 
during the rapid phase of digestion.
The third phase of digestion is characterized by a slower 
digestion rate of the blood meal and by the presence of 
relatively few active digestive cells in the midgut 
epithelium. It is this phase that allows soft ticks to 
survive long periods without feeding.
Coons, Rosell-Davis, and Tarnowski (1986) divided blood 
meal digestion in mated female Dermacentor variabilis into
three phases: first phase of continuous digestion, delayed or
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reduced digestion, and a second phase of continuous digestion. 
According to these authors, each phase coincided with a 
feeding or post-feeding period, with each digestive phase 
being dependent on the occurrence of some specific event in 
the life cycle of the ixodid.
The first continuous phase of digestion was initiated by 
feeding and lasts from approximately 24 hours post-attachment 
to just before onset of rapid engorgement (Coons, Rosell- 
Davis, and Tarnowski, 1986). This phase corresponds to the 
preparatory or slow growth phase reported by Balashov (1972), 
Araman (1979), and Raikhel (1983).
Coons, Rosell-Davis, and Tarnowski (1986) observed two 
different populations of cells during the first continuous 
phase of digestion, namely digestive cells and replacement 
cells. Digestive cells appeared to be actively involved in 
the uptake and intracellular digestion of the blood meal. On 
the other hand, replacement cells were not actively involved 
in the uptake or digestion of the blood meal, but still had a 
full component of cellular organelles such as lysosomes and 
rough endoplasmic reticulum.
Two events occur during the first continuous phase of 
digestion. The first event involves the uptake and 
intracellular digestion of the blood meal, with eventual 
sloughing of spent digestive cells that were filled with 
residual bodies into the gut lumen. The second event centers 
around the replacement cells becoming digestive cells to
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continue the cycle of uptake and intracellular digestion. 
These two events continue through the first six or more days 
after the initiation of feeding in mated females (Coons, 
Rosell-Davis, and Tarnowski, 1986). Only after mating will 
the female tick enter the delayed or reduced phase of 
digestion.
The reduced phase of digestion can be correlated with 
rapid engorgement. Coons, Rosell-Davis, and Tarnowski (1986) 
suggested that this reduced phase of digestion enables the 
mated female tick to acquire the largest possible blood meal 
by allowing the digestive cells of the midgut epithelium, as 
well as the lumen of the midgut to function as storage sites 
for the blood meal. Four events characterize the reduced 
digestive phase (Coons, Rosell-Davis, and Tarnowski, 1986) . 
First, intracellular digestion is greatly reduced and large 
endosomes rather than residual bodies accumulate in the 
cytoplasm of digestive cells. Few residual bodies are 
observed in the digestive cells at this time. Second, 
digestive cells cease to be sloughed into the lumen. Third, 
replacement cells are not observed, and finally, the 
vitellogenic cell appears in the midgut epithelium. The 
reduced phase of digestion corresponds with the expansion 
phase of feeding described by Balashov (1972), Araman (1979), 
and Raikhel (1983).
The second phase of continuous digestion begins after 
detachment from a host and extends from preoviposition through
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oviposition, after which the female tick dies (Coons, Rosell- 
Davis, and Tarnowski, 1986). During this phase of digestion, 
the products of digestion are utilized for the production of 
vitellogenin and egg maturation. Blood meal uptake slows down 
during this phase as indicated by the reduction in the 
concentration of microvilli, endocytotic vesicles, and tubular 
elements present in the digestive cells. The lysosomal system 
once again becomes active as ultrastructurally demonstrated by 
primary lysosome fusion with endosomes, producing secondary 
lysosomes which eventually form residual bodies. As 
oviposition proceeds, the digestive cells accumulate large 
numbers of residual bodies in their cytoplasm. In contrast to 
the first continuous phase of digestion, these digestive cells 
filled with residual bodies are not sloughed into the lumen. 
Coons, Rosell-Davis, and Tarnowski (1986) reported that during 
this period there is a progressive growth in the vitellogenic 
cells and a concomitant shrinkage of the digestive cells. 
Toward the end of oviposition, the remaining digestive cells 
and vitellogenic cells have an organization suggestive of cell 
death.
Blood Meal Concentration
An important process in tick digestion is the elimination 
of excess water and ions from the blood meal. In both the 
argasids and ixodids, the first step in blood meal 
concentration is the removal of water and ions from the blood
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meal across the midgut epithelium into the hemolymph, from 
where these substances must be eliminated. The method of 
elimination of the water and ions differs between argasids 
and ixodids. Argasid ticks eliminate the water and ions via 
the coxal glands (Kaufman and Sauer, 1982), whereas ixodid 
ticks eliminate these substances through the salivary glands 
(Lees, 1946a; Tatchell, 1967a; 1967b; 1969; Kaufman and 
Phillips, 1973; Meredith and Kaufman, 1973; Kaufman and Sauer, 
1982).
The amount of water eliminated depends on the amount of 
ingested blood meal, the life stage, the tick species, and the 
sex of the individual tick. Lees (1946a) demonstrated that 
about two-thirds of the water from a Ixodes ricinus blood meal 
was eliminated. Sauer and Hair (1972) observed that water 
elimination was most evident in replete nymphs and adult 
female Amblvomma americanum ticks even though blood meal 
concentration occurred in all active stages. Koch and co­
workers (1974) reported that the concentration of a blood meal 
varied with the life stage in four species of ixodids. The 
blood meal is most concentrated in adult females, least 
concentrated in larvae, with nymphs intermediate in ability to 
concentrate the blood meal. Kaufman (1989) reported that a 
female Dermacentor variabilis. weighing only 7-10 mg in the 
unfed state, can process about 4000 mg of host blood.
Coons, Rosell-Davis, and Tarnowski (1986) described a 
structural basis for the movement of water and ions across the
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midgut epithelium in adult Dermacentor variabilis. Early in 
the first continuous phase of digestion, the basal labyrinth 
and lateral extracellular spaces begin to develop, reaching a 
maximum size during rapid engorgement. After detachment from 
the host, the basal labyrinth and the lateral extracellular 
channels become reduced and finally absent.
Sutton and Arthur (1962) demonstrated that ticks of equal 
weight ingested different amounts of hemoglobin. Blood meal 
size varied considerably between different ixodid species 
(Kitaoka, 1961a; 1961b). Kitaoka (1961a) found that the blood 
meal of engorged Haemophvsalis bispinosa was three to five 
times the final weight of the engorged tick, while in 
Boophilus microplus. the blood meal was only three times the 
final weight of the engorged tick.
Within a given species, blood meal size varies with the 
duration of starvation. The size of the blood meal can be 
generalized with respect to sex and life stage of Amblvomma 
americanum (Sauer and Hair, 1972). Larvae ingest mostly lysed 
tissue and had the lowest volume of erythrocytes of any stage. 
Adult females take in the highest volume of erythrocytes of 
any stage, while adult males take up a smaller meal than adult 
females.
Blood Meal Digestion and Composition
In 1972, Balashov suggested that ixodid ticks were 
characterized by a combination of three types of digestion:
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external, intraintestinal or lumenal, and intracellular. The 
external digestive phase occurs as a result of the lytic 
activity of tick saliva. This results in host blood being 
partially lysed before entering the midgut. Intraintestinal 
digestion occurs within the lumen and results from the 
secretory activity of midgut epithelial cells ensuring a more 
complete lysis of blood cells. Intracellular digestion occurs 
within the specialized digestive cells. It is during this 
phase that host blood components undergo complete breakdown 
and assimilation.
Blood meal digestion involves the degradation of various 
host proteins, primarily hemoglobin. Hemoglobin and its 
metabolites are believed to represent a major nutrient source 
and reserve for adult ticks (Balashov, 1972; Jaworski et al, 
1983; Williams et al, 1985). Blood meal enzymatic digestion 
stops after removal of the globin part of hemoglobin.
In engorged Boophilus microplus females, O'Hagan (1974) 
reported that digestion of hemoglobin proceeded at a steady 
rate for thirteen days, during which time all hemoglobin was 
metabolized to hematin. Using spectrophotometric methods, the 
hemoglobin within the gut contents of fed Ixodes ricinus 
females was measured.
Five to ten days after feeding on a guinea pig, 
hemoglobin crystals appear in the gut lumen of Ornithodoros 
moubata ticks (Smit et al, 1977) . Initially the crystals are 
small and bright red, but later become much larger and take on
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a dark red color. Guinea pig hemoglobin initially 
crystallizes in the midgut lumen of Ornithodoros moubata as 
oxyhemoglobin and with time transforms to methemoglobin and 
then to hemochrome without disruption of the crystals (Smit et 
al, 1977).
The reason for hemoglobin crystallization in the gut 
lumen is unknown; however, it is not due to a drop in pH, any 
change in the concentration of the blood meal, or a change in 
osmolarity (Smit et al, 1977) . Grandjean (1984) reported the 
phagocytosis of hemoglobin crystals by digestive cells occurs 
in the same tick, Ornithodoros moubata. Ticks fed on hosts 
whose blood does not crystallize have the same rate of 
survival as ticks fed on hosts whose blood does crystallize 
(Akov, 1982).
Ribeiro (1988) demonstrated that Ixodes dammini midgut 
homogenates were able to induce hemolysis of red blood cells 
from a variety of hosts. Hemolytic activity was not detected 
in unfed ticks, as well as in ticks attached for up to two 
days to a host, but increased during the growth phase of 
feeding. This hemolysin had an alkaline pH optimum and was 
activated by temperature increases.
Hemoglobin digestion seems to be correlated with the 
length of the preoviposition period. When temperature and 
relative humidity were held constant, Nager (1968) reported 
the duration of the preoviposition period was a fixed time in
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Dermacentor variabilis and Rhipicephalus sanguineus. while the 
oviposition period varied between individual ticks.
O'Hagan (1974) reported that approximately 10% of the 
hematin released from hemoglobin was transferred to the eggs, 
and from the eggs to the larvae. Bremmer (1959) reported that 
only 5.1% of the iron ingested by adult female Boophilus 
microplus was actually transferred to the eggs, with most 
remaining in the female tick, presumably in the lumen or the 
epithelial cells of the midgut. He also found that the eggs 
contained hemixodovin, a hemoprotein, that was different then 
the host hemoglobin. Hamdy (1973a) suggested that iron was 
probably transferred as iron-protoporphyrin, either free or 
attached as hemeprotein, to hemolymph and later to eggs. In 
Haemaphvsalis bispinosa females, Kitaoka (1961a) demonstrated 
that five to ten percent of the ingested iron was transferred 
to the eggs.
Protease activity in ticks depends on several factors, 
such as the age of the tick (Reich and Zorzopulos, 1978) , size 
of the tick and size of the blood meal taken, tick sex, mating 
status of the female (Tatchell et al, 1972) , and the time 
after feeding (Bogin and Hadani, 1973) . In 1976, Akov and 
coworkers reported that protease activity in ticks increased 
gradually after feeding and reached a maximum after several 
days.
Bogin and Hadani (1973) reported that the proteolytic 
enzyme activity at one day before detachment decreased from
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its high during the growth phase to as low a level as was 
detected in the unfed tick. Araman (1979) suggested that the 
control of protease activity, and conseguently the rate of 
digestion by a female tick, permits the accumulation of host 
blood during the expansion feeding phase for use in the 
vitellogenic process, since a continued high rate of protein 
digestion would deplete the availability of amino acids at a 
time when the production of vitellogenins would be critical.
Upon detachment, the overall rate of digestion was 
relatively low between detachment day and oviposition day 
(Araman, 1979) . However, at oviposition, the rate of 
digestion was faster until three days after oviposition began 
(Araman, 1979). This could reflect the greater need for 
available amino acids for vitellogenins, since the largest 
batch of eggs is laid between two and three days after 
oviposition.
Ticks depend upon hematin for their development, as do 
other blood feeding organisms. However, unlike other 
hematophagous organisms, ixodid ticks appear to have the 
ability to synthesize heme. Hamdy, Taha, and Sidrak (1974) 
reported that adult female Dermacentor andersoni were capable 
of de novo synthesis of heme as demonstrated by the in vivo 
incorporation of 14C of the alpha carbon from glycine and 
carbon 4 and 5 delta-aminolevulinic acid.
The blood meal composition of ixodid ticks differs from 
that of other bloodsucking arthropods. Ixodid blood meal
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composition is determined by the inflammatory state at the 
attachment site and may vary from one attachment site to 
another. While lytic saliva is being injected into the bite 
site, the host develops an anti-tick response resulting in 
intense tissue histolysis, leukocytic infiltration, and 
extensive edema (Balashov, 1972). During the first few days 
of feeding, these activities cause lymph, leukocytes, tissue 
fragments, and varying amounts of blood to enter the tick gut. 
Only toward the end of feeding, during the expansion stage, 
does whole blood become the main food component.
Excretion
Even though argasid and ixodid ticks differ greatly in 
their biology and life cycles, the process for the removal of 
undigested residues is believed to be essentially the same 
(Balashov and Raikhel, 1974; 1976; 1977; 1978). Excretion of 
final metabolic products in both tick families is controlled 
by the periodicity of adult gonotrophic rhythms and immature 
molting cycles. Tick excreta represents a mixture of several 
substances, the ratios of which change in different life cycle 
periods.
Excreta sampled and examined during engorgement differed 
as feeding progressed. Non-feeding ixodids do not excrete 
amino acids (Hamdy, 1973a). Ten different amino acids were 
identified in the excreta of engorging ixodids (Hamdy, 1977). 
Hamdy (1977) suggested that these amino acids were products of
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digestion rather than products of intermediary metabolism. 
Bassal (1977) demonstrated that Hvalomma dromedarii excreted 
13% of their dry body weight in guanine during oogenesis and 
oviposition.
Hamdy (1977) observed that the excreta from sheep fed 
Dermacentor andersoni contained approximately 13 times more 
protein than those from rabbit fed Dermacentor andersoni. with 
the latter containing approximately 7 times as much hematin as 
the former. She suggested that these quantitative differences 
in protein content may reflect the specificity of tick 
proteolytic enzymes for host proteins. Tatchell, Kerr, and 
Boctor (1973) analyzed the rate of hemolysis of a blood meal 
in Areas persicus and Areas arboreus fed on different hosts. 
They observed systematic variations in blood meal hemolysis 
rates due to host differences, thus indicating an intimate, 
subtle relationship between tick species, host species, and 
individuals within the host species. Host preference may 
therefore be dictated by digestive enzyme specificity.
Ixodids ingest a large blood meal during a long feeding 
period, during which time they excrete large quantities of 
protein (Hamdy, 1973b). Protein excretion stops when the 
ixodid detaches from the host. Hamdy (1973b) reported the 
production of guanine and a second purine begins at the start 
of oogenesis. Ixodids excrete up to 15% of their excreta as a 
second unidentified purine compound (Hamdy, 1972). Ixodids
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excrete guanine from their Malpighian tubules and, at certain 
times, hematin from the digested blood meal (Balashov, 1972) .
Excretion during hard tick postfeeding states reflects 
the internal changes occurring in the tick (Hamdy, 1973b). 
Detached nymphs excrete only guanine and a second unidentified 
purine. Excretion stops before molting. During this period, 
metabolic products accumulate within the rectal sac and 
Malpighian tubules. Only purines are excreted after molting to 
the adult stage, but later both purines and hematin are 
passed.
Hamdy (1973b) suggested that the molted female probably 
first digests the plasma proteins and terminal parts of the 
hemoglobin protein (globin) attached to the heme. The 
resulting purines are excreted primarily during the four days 
following the molt. After digestion is completed and proteins 
are completely removed from the heme part of the hemoglobin, 
the hematin residue is excreted with the purines (Hamdy, 
1973b).
Excretory activity in the engorged female is minimal, 
probably owing to physical inability from the pressure of the 
greatly expanded gut and diverticula on the excretory organs 
and tubules (Hamdy, 1973b). Upon completion of oviposition, 
most of the excreta is retained within the body. The 
accumulation of toxic purines and hematin within the female 
may be a prime factor in the death of the female shortly after 
oviposition (Hamdy, 1973b).
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Argasids, on the other hand, feed for a short period and 
take a relatively small blood meal. Hamdy (1973a) reported 
that these ticks digest and excrete only guanine and hematin. 
No proteins or amino acids were found in the fecal material. 
Studies on excretion in Argas arboreus (Hamdy, 1973a) and 
Alveonasus lahorensis (Efemova, 1967) show that a definite 
cycle of excretion also exists in the Argasidae. Hamdy 
(1973a) found that the maximum amount of excreta was produced 
three to four days after feeding, and that the production of 
excreta is terminated in nymphs five to six days before 
molting. Argasids excrete only guanine as a nitrogenous waste 
product.
Peritrophic Membranes
Ticks generally do not have peritrophic membranes. 
Rudzinska and colleagues (1982) were the first to demonstrate 
a peritrophic membrane in the gut of feeding Ixodes dammini 
larval, nymphal, and adult ticks. In larvae, the peritrophic 
membrane was formed 27 hours after attachment, while appearing 
somewhat earlier in the nymph. Before feeding, no peritrophic 
membrane could be found in any of the three developmental 
stages and was absent 13-14 days after completion of 
engorgement.
The peritrophic membrane was located along the apical 
border of the epithelial cells. Microvilli were in close 
contact with the peritrophic membrane and in some instances
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were actually touching it. The peritrophic membrane is 
thought to be derived from the secretion of the epithelial 
cells and is released via the microvilli (Richards and 
Richards, 1977) . This membrane had a spongy appearance of low 
electron density (Rudzinska et al, 1982) . The peritrophic 
membrane appears to act as a barrier to parasites ingested 
with the blood meal (Peters, 1976) , however, this may be 
questionable in context of Borrelia burgdorferi development in 
these ticks.
The peritrophic membrane divided the gut lumen into two 
compartments, an endoperitrophic space or lumen proper, and an 
ectoperitrophic space which was located between the 
peritrophic membrane and the epithelial cells of the gut wall 
(Rudzinska et al, 1982) . In the endoperitrophic space, intact 
or hemolyzed erythrocytes and reticulocytes were found, 
whereas the ectoperitrophic space was devoid of any cellular 
components present in the ingested blood meal. Another study 
described the existence of a peritrophic membrane in the 
midgut of a soft tick, Ornithodoros moubata (Grandjean, 
1984).
Epithelial Cell Detachment
Epithelial cell detachment from the midgut epithelium has 
been reported in both argasids and ixodids. Epithelial cell 
detachment from argasid gut wall into the lumen has been 
reported by Balashov (1972), Guirgis (1971), and Grandjean and
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Aeschlimann (1973) . Engorged Alveonasus lahorensis larvae and 
nymphs revealed homogenous cells detaching several days after 
feeding (Balashov, 1972). Guirgis (1971) demonstrated cell 
detachment, as well as apical pinching off occurred in 
engorged Arcras arboreus nymphs and adults. Balashov (1972) 
found evidence for cell detachment in Ornithodoros papillipes 
larvae, nymphs, and adults.
Tatchell (1964) suggested that cell detachment was 
artifactual in argasids. When the midguts of Arqas persicus 
females were dissected in ice cold saline, few detached cells 
were observed in the lumen. Similar dissections performed in 
room temperature saline resulted in the presence of numerous 
detached cells in the midgut lumen. Tatchell (1964) also 
reported that mechanical disruption of the midgut caused cells 
to be ruptured. When gut tissues were rapidly fixed with cold 
formol-saline, Tatchell (1964) observed attached cell stalks 
with disrupted apical borders.
Cell detachment has been reported in ixodid adult females 
following feeding. Cell detachment may be related to the 
large quantity of blood ingested by females at this life 
stage. Using a light microscope to observe tissue sections, 
Roesler (1934) reported cell detachment during digestion in 
Ixodes ricinus. Hughes (1954) also described cell detachment 
occurring in Ixodes ricinus female midguts. In the early 
stages of feeding, Chinery (1964) found budding off of gut 
cells was more extensive in female Haemaphvsalis spinqera than
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in males. Budding off of gut cells did not occur at all in 
larvae or nymphs. Chinery (1964) concluded from these results 
that larvae and nymphs did not show any cell proliferation, as 
was demonstrated in ovipositing females.
Midgut Epithelium
Histological descriptions of argasid and ixodid midgut 
are isolated and contradictory. Several authors believe that 
the argasid tick midgut epithelium consists of one cell type 
(Tatchell, 1964; Balashov, 1972; Grandjean and Aeschlimann, 
1973) . The structure and functions of this one cell type 
change considerably with different stages of digestion. 
Starved Argas persicus nymphs and adults destroy the gut 
epithelial cells after blood meal ingestion with eventual 
development of new epithelial cells. Balashov (1972) 
reported considerable functional variability in midgut 
epithelium of unfed and fed Ornithodoros papillipes nymphs and 
adults. Gut epithelial cells were of two types, secretory and 
digestive. Digestive cells demonstrated hemoglobin uptake via 
the processes of pinocytosis and phagocytosis. Using light 
and electron microscopy, Grandjean and Aeschlimann (1973) 
described only one type of digestive cell and no secretory 
cells in the epithelium of Ornithodoros moubata larvae, nymphs 
and adult females. These digestive cells were not synchronized 
in uptake or digestion of a blood meal. Larvae appeared to
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digest yolk proteins and had a similar digestive cycle as 
nymphs and adults actively digesting a blood meal.
Authors do not agree on the number of cell types present 
in ixodid midguts (Hughes, 1954; Saito, 1960; Till, 1961; 
Belozerov and Tymopheev, 1971; Raikhel, 1983; Coons, Rosell- 
Davis, and Tarnowski, 1986). Six different types of 
epithelial cells have been described in ixodid tick midguts, 
namely absorptive, digestive, phagocytic, secretory, 
replacement, and vitellogenic cells (Roesler, 1934; Hughes, 
1954; Saito, 1960; Till, 1961; Chinery, 1964; Belozerov and 
Tymopheev, 1971; Balashov, 1972; and Raikhel, 1983). Several 
of these investigators relied on interpreting light 
micrographs. Using the technique of electron microscopy and 
applying principles of eukaryotic cell structure, Coons, 
Rosell-Davis, and Tarnowski (1986) ruled out the presence of 
absorptive, phagocytic, and secretory cells.
At the light microscope level, adult female Ixodes 
ricinus midguts sampled from detachment time to onset of 
oviposition, had a proliferation of colloid-containing cells 
followed by a detachment and subsequent proliferation of 
absorptive cells (Hughes, 1954). Midgut histology of fed 
Haemaphvsalis flava larvae, nymphs, and adults showed two cell 
types (Saito, 1960). The first cell type had a columnar shape 
and appeared to function in absorption, while the second cell 
type was cuboidal and had no assigned function. Rhipicephalus 
appendiculatus possessed one digestive cell type which changed
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with the phase of digestion (Till, 1961) . Belozerov and 
Tymopheev (1971) reported Dermacentor marinatus adult females 
ingested a blood meal by pinocytosis. These ticks also 
demonstrated a slow feeding and growth stage. The midgut 
epithelium possessed cells with a highly organized rough 
endoplasmic reticulum in the perinuclear zone, with vacuoles 
in the central and apical areas (Belozerov and Tymopheev, 
1971). Hvalomma asiaticum nymphs have two types of highly 
specialized digestive cells (Raikhel, 1983). One type of 
digestive cell takes up lymph, leukocytes, and inflammatory 
infiltrates via phagocytosis or pinocytosis, while the second 
digestive cell ingests and accumulates hemoglobin.
Coons, Rosell-Davis, and Tarnowski (1986) reported three 
cell types in adult Dermacentor variabilis midguts, namely 
digestive, replacement, and vitellogenic cells which had all 
differentiated from one unspecialized type of cell found in 
the midguts of unfed ticks. Digestive cells and replacement 
cells were found during the first continuous phase of 
digestion. During the two remaining phases, reduced digestion 
and the second continuous digestion phase, only digestive and 
vitellogenic cells were present.
Several investigators have suggested that the midgut 
epithelium acts as a food reserve in unfed ixodid ticks 
(Jaworski et al, 1983; Raikhel, 1983; Williams et al, 1985). 
Jaworski and colleagues (1983) reported midgut epithelial cell 
endosomes decreased in size in unfed laboratory colonies of
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Amblvomma americanum as the tick aged, suggesting that 
endosomes from the nymphal blood meal persist through to the 
adult form where they are utilized as a food reserve. Another 
study of field reared ticks of the same species demonstrated 
an initial increase in lipid inclusions and a decrease in 
endosomes as the tick aged (Williams et al, 1985) , suggesting 
that some of the blood meal is converted to lipid in field 
reared ticks for later utilization as energy. In 28 month old 
ticks, there was an increase in lysosomal activity and a 
decrease in lipid inclusions.
Previous studies have demonstrated that host acquired 
resistance resulted in reduced numbers of engorged ticks, 
restricted engorgement, reduced numbers and viability of ova, 
longer duration of feeding, and in some instances, the death 
of the tick. It is currently not understood how ticks are 
adversely affected by feeding on hosts expressing acquired 
tick resistance. The present study was undertaken to 
determine if the gut epithelium was adversely affected by a 
blood meal obtained from a host expressing tick resistance. 
Since no information has been published describing the cell 
types composing the midgut epithelium of engorging female 
Amblvomma americanum ticks, we first characterized the gut 
epithelium of ticks fed on hosts acquiring tick resistance 
using the techniques of light microscopy and transmission 
electron microscopy. Next, the gut epithelium of ticks
obtained from hosts expressing tick resistance was analyzed.
MATERIALS AND METHODS
Experimental Animals and Tick Colony
Randomly bred male Hartley guinea pigs weighing 250-400 
grams were purchased from Bio-Labs Corporation (St. Paul, 
Minnesota). Animals were fed a pelleted commercial diet 
(Ralston Purina Company, St. Louis, Missouri) and water ad 
libitum. Guinea pigs were housed individually in stainless 
steel mesh cages at 22°C with a 12:12 hour light-dark cycle 
(Wikel, 1979).
Amblvomma americanum were originally obtained from the 
United States Livestock Insects Laboratory, USDA, ARS, 
Kerrville, Texas, and have been maintained in this laboratory 
for twelve years. The colony was established in 1956 from 
ticks collected from cattle in Bexar County, Texas. Ticks 
were maintained in 1.5 dram sterile, colorless, glass vials, 
stoppered with muslin wrapped cotton plugs. Vials were kept 
at room temperature in a dessicator over a saturated solution 





Tick propagation for colony maintenance was performed on 
the ears of white male Hartley guinea pigs. Ticks were 
confined to guinea pig ears by the top 25 millimeters of amber 
seven dram lock top vials which were held in place by 
hyperallergenic cloth tape. In addition, a plexiglass shield 
cut to fit around the neck of the guinea pig prevented the 
vial from being removed by grooming.
Muslin wrapped cotton plugged glass vials containing 
Amblvomma americanum larvae, nymphs, or adults were cooled on 
ice. Using fine forceps, quiescent ticks were removed, 
counted, and placed in empty number O gelatin capsules until 
transferred to animals.
To apply ticks, the lid of the plastic vial encasing the 
guinea pig ear was removed, a gelatin capsule containing ticks 
was opened and placed in the ear vial, and the lid quickly 
replaced. Gelatin capsules were removed 24 to 48 hours later, 
after the ticks were attached.
Detached larvae, nymphs, or adults were removed daily. 
Ticks not detached by the end of an infestation period were 
removed using fine forceps. Surface cleansings were performed 
by submerging ticks in the following solutions for three 
minutes each: 3% hydrogen peroxide, distilled water, and 95% 
ethanol. Ticks were placed on paper towels, allowed to dry, 
and then transferred to sterile glass vials.
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Experimental Tick Infestation
Guinea pig ears were each infested with two pairs of 
adult Amblvomma americanum following the same procedure 
outlined for tick colony maintenance. Active male and female 
ticks, between six and ten months of age (as determined from 
date of collection of replete nymphs), were applied to guinea 
pig ears. Using a pair of fine forceps, engorging females 
were removed from the guinea pigs at various times during the 
course of four experimental infestations. Guinea pigs were 
re-infested after a 14 day tick free period.
Because of variations in tick development on the guinea 
pig, the width and length of each Amblyomma americanum female 
was monitored and used as a guide for determining the tick's 
stage of development. Length was measured from the base of 
the capitulum to the posterior margin, while the width 
measurement was taken at the base of the scutum, at the level 
of the third and fourth pair of legs.
For this study, it was difficult to determine the exact 
stage of development of engorging adult females based on the 
criteria of weight and size alone. This problem was further 
complicated by differences in tick size and weight due to the 
resistance status of the guinea pig. Therefore, in an attempt 
to collect representative samples of engorging ticks, the 
following aspects were considered before a tick was removed: 
length of attachment (hours), measurement (mm), approximate 
weight gain, activity (leg movement), and tick coloration
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(dark brown, creamy gray, blue gray). On these criteria, 
engorging female ticks were divided into three stages. At 
stage I, engorging female ticks were a dark brown color and 
demonstrated a slight expansion of their idiosoma and gut 
diverticulae. On the naive guinea pig, these ticks ranged in 
size from 2.0 mm x 3.0 mm to 3.0 mm x 4.5 mm. The cuticles of 
stage II female ticks were a creamy gray color, and showed a 
significant expansion of the idiosoma and gut diverticulae. 
Ticks of this stage ranged in size from 4.0 mm x 5.5 mm to 6.0 
mm x 8.0 mm. Stage III ticks were characterized by a marked 
distention of the idiosoma and midgut. This stage was 
characteristic of replete (blue gray) females or of females in 
the rapid phase of engorgement. Ticks from this stage of 
engorgement varied greatly in size, ranging in size from 7.0 
mm x 9.5 mm to 10.0 mm x 13.0 mm.
Collection of adult female ticks during the second, 
third, and fourth experimental infestations were performed at 
24 hour intervals when tick size and coloration corresponded 
to that of primary infestation data. On resistant guinea 
pigs, tick stages were the same. In all infestations, ticks 
were collected on days one through five. Dead ticks and ticks 
demonstrating low levels of activity were removed immediately 
and processed for microscopic examination.
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Gut Tissue Isolation
After surface cleansing and weighing, ticks were 
dissected to obtain the gut tissue. This was accomplished by 
embedding adult ticks in a paraffin filled petri plate such 
that the extended legs, capitulum, and ventral side were 
secured in the paraffin leaving the dorsal side exposed. The 
dish was then flooded with Karnovsky's fixative (1965) and 
placed on the stage of a dissecting microscope. Using a 
Bard-Parker #11 disposable scalpel blade (Becton Dickinson and 
Company, Rutherford, New Jersey), the scutum and exoskeleton 
were removed with tweezers. The stomach, first through fifth 
anterolateral caecae, sixth and seventh posterolateral caecae 
of the tick gut were removed, avoiding tracheal and connective 
tissue elements, and placed overnight at 4°C in vials 
containing Karnovsky's fixative (1965). Areas selected were 
based on ease of accessibility and removal.
Embedding Tissue
Gut tissues (stomach, first through fifth anterolateral 
caceae, sixth and seventh posterolateral caceae) were cut into 
1 mm3 pieces, rinsed three times in 0.2 M cacodylate buffer 
(pH 7.2) and then post-fixed in 1% osmium tetroxide in 0.2 M 
cacodylate buffer (pH 7.2) for two hours in the dark at 4°C. 
Following three rinses in 0.2 M cacodylate buffer (pH 7.2) the 
tissues were dehydrated in graded ethanols as follows: five 
minutes each in 30%, 50%, 70%, 80%, and 95% ethanol, followed
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by ten minutes in 95% ethanol and ten minutes in 100% ethanol. 
Final dehydration was achieved by two 100% ethanol washes of 
20 minutes and 30 minutes, respectively. Three washes in 
propylene oxide for 20 minutes each, were followed by an 
overnight infiltration with an Epon 812/Araldite 506 
propylene oxide solution [1:1(vol/vol)]. The tissue samples 
were then infiltrated with fresh Epon 812-Araldite 506 resin, 
placed in flat embedding molds containing resin, and then 
cured at 60°C for 48 hours.
Sectioning Tissue
The embedded tissue was thick sectioned (one micrometer 
thick) using a glass knife on a Sorval MT2-B Ultramicrotome 
(Dupont Instrument, Newton, Connecticut). Gut tissue sections 
from all engorgement stages and from the different 
infestations were sectioned and mounted on glass slides. 
Sections were stained with the following stains: a 1.0%
toluidine blue 0 in 1.0% sodium borate (Trump et al, 1961), a 
tribasic stain consisting of an aqueous 4.0% malachite green- 
toluidine blue O stain and a 4.0% basic fuchsin counterstain 
(Grimly, 1964), a methylene blue-azure II stain with a 0.05% 
basic fuchsin counterstain (Humphrey and Pittman, 1974), an 
aqueous 1.0% toluidine blue O-safranin-saturated auramine 0 
stain (Roppel and Mabie, 1972), and finally, an alkaline 
Giemsa stain (Dvorak et al, 1970). Prior to staining with the 
tribasic stain, tissue sections were etched for five minutes
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in a concentrated solution of NaOH according to the procedure 
of Imai (1968). The sections were examined with an Olymplus 
BH-2 compound light microscope. A number of observations were 
made to cover the progressive development of the gut.
Thin sections (0.1 micrometers thick) were mounted on 
naked copper grids, stained with aqueous 2.0% uranyl acetate 
followed by 0.018% lead citrate (Venable and Coggeshall, 
1965) , and then observed and photographed with a JEOL JEM 100S 
TEM at original magnifications of 1,000-30,000 diameters.
RESULTS
During primary infestations, adult Amblvomma americanum 
ticks were attached and feeding within 48 hours post­
attachment. Slight inflammatory reactions characterized by 
edema and hyperemia were observed at the attachment sites late 
in the infestation. Ticks were attached securely to the host 
and secreted only a small amount of attachment cement during 
engorgement.
Gut Morphology
The structure of the midgut of unfed adult female 
Amblvomma americanum was typical of the family Ixodidae. Upon 
removal of the dorsal body wall, the midgut appeared as a maze 
of large, grayish-black, irregularly shaped tubular structures 
that covered the internal organs dorsally (Figure 1) . The 
midgut was subdivided into a stomach (ventriculus) and paired 
tubular diverticulae (caecae). Seven pairs of diverticulae 
arose from the short, narrow stomach. At the anterior end, 
the stomach branched into two large lateral diverticulae. The 
first through fifth pairs of anterolateral diverticulae 
projected from these lateral branches. These, in turn, could 
be divided into anterior and posterior lobes. The first,
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second, and third pairs extended anteriorly and terminated 
near the anterior margin of the body, while the posterior lobe 
continued caudad and divided into a long lateral lobe and a 
shorter median lobe both of which recurved under the viscera. 
The sixth and seventh pairs of posterolateral diverticulae 
arose from a common base at the stomach's caudal end. These 
lobes extended to the caudal margin of the body, and then 
proceeded a varying distance cephalad.
Cuticle Coloration
In order to accommodate the large blood meal ingested 
during rapid engorgement, the cuticle of feeding female ticks 
underwent extensive changes that could be correlated with 
changes in coloration of the cuticle (Figure 2) . Stage I 
female ticks had dark brown cuticles. Toward the end of this 
stage, the idiosoma or tick body became slightly expanded. 
Stage II females had creamy gray cuticles and significantly 
enlarged idiosomas. Stage III ticks were a blue gray color 
with an extremely distended cuticle due to the enormous blood 
meal ingested by the tick.
The gut diverticulae began to enlarge as feeding 
proceeded, eventually filling the entire body cavity of the 
engorged tick. During each stage of feeding, the gut caecae 
had a characteristic morphology (Figure 2) . Stage I ticks had 
gut diverticulae that resembled the unfed tick gut. Toward 
the end of this stage, the gut diverticulae began to have a
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more rounded, distended appearance. In stage II ticks, the 
gut diverticulae were beginning to enlarge, especially the 
lateral and posterior branches. The gut caecae filled the 
body cavity of stage III ticks. In the engorged tick, the 
diverticulae were pressed tightly against the cuticle.
Pltrastructural Features of Gut Epithelial Cells
The gut epithelium appeared to consist of six cell types, 
namely stem cells, replacement cells, spent digestive cells, 
developing digestive cells, active digestive cells, and 
secretory cells. These epithelial cells had ultrastructural 
features characteristic of both mammalian and insect tissues.
Cellular Polarity
Amblvomma americanum gut epithelial cells had an apical- 
basal polarity. This polarized organization was reflected by 
special features associated with the apical and basolateral 
plasma membranes, as well as by the locations of intracellular 
organelles. The apical plasma membrane of the gut epithelial 
cells interacted with the gut lumen, while the basolateral 
plasma membrane rested on an extracellular basal lamina and 
formed specialized junctions with adjacent epithelial cells 
(Figure 3).
The apical plasma membrane bordering the gut lumen was 
covered with microvilli (Figure 4). Microvilli were very 
numerous and formed a brush or striated border on developing
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digestive, active digestive and secretory cells. Numerous 
plasma membrane invaginations were found at the bases of the 
digestive cell microvilli, including various pinocytic 
(micropinocytic) and phagocytic vesicles.
Microvilli were covered by a thin glycocalyx and were 
devoid of cellular organelles except for a varied number of 
straight filaments (Figure 5) . The filaments formed a central 
core within each microvillus. Within the gut lumen were 
spirochetes that probably formed part of the normal flora of 
the tick gut (Figure 6).
Each epithelial cell was connected to its neighboring 
cells by at least two sets of circumferentially distributed 
subapical junctions, the zonula adherens and the septate 
junction (Figure 7). The zonula adherens was characterized 
ultrastructurally by a dense mat of fibers adjacent to the 
cytoplasmic surface with little visible material within the 
intercellular space (Figure 8) . Septate junctions formed 
ladderlike bridges between adjacent cells (Figures 6 and 9). 
These junctions extended varying distances along the lateral 
plasma membranes of the gut epithelial cells. Spaces filled 
with proteinaceous material were occasionally observed between 
adjacent epithelial cells.
The epithelial cell basal domain contained numerous 
infoldings of the plasma membrane and was separated by a basal 
lamina from the connective tissue space (Figure 10). Electron 
dense thickenings were located at the base of each infolding.
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These thickenings resembled a type of hemidesmosome. The 
basal lamina or lamina densa appeared as a thin amorphous 
sheet without any periodical structure that followed closely 
the basal contour of the epithelial cells. A thin lamina rara 
separated the lamina densa of the basal lamina from the cell 
membranes.
Cellular Organelles
Tick gut epithelial cells were eukaryotic and thus had 
the usual complement of cellular organelles. These included a 
nucleus, mitochondria, rough endoplasmic reticulum, Golgi 
complexes, and lysosomes. Very little smooth endoplasmic 
reticulum was observed. Some of these cytoplasmic organelles 
demonstrated an apical-basal distribution.
The nucleus was the most conspicuous cellular organelle 
present in the cytoplasm of feeding ticks. Nuclei were 
generally spherical or ovoid in morphology and surrounded by 
a double membrane, the nuclear envelope (Figure 11) . The 
nuclear membrane was represented by the inner leaflet of this 
double membrane, while the ribosome studded outer leaflet was 
part of the rough endoplasmic reticulum (Figure 12). Between 
these membranes was the perinuclear space, which appeared to 
be continuous with the rough endoplasmic reticulum at several 
points. The continuity of the perinuclear space was 
interrupted by nuclear pores. The position of each nuclear
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pore was marked consistently by interruptions in the 
heterochromatin substance.
Two types of chromatin were visible (Figures 11 and 12). 
Euchromatin was observed between clumps of heterochromatin and 
was of low electron density. Generally, the heterochromatin 
was found close to the nuclear membrane and nucleolus. The 
number of nucleoli within a nucleus varied with cell type and 
stage of engorgement. The nucleolus was not enclosed by a 
membrane.
Mitochondria were prevalent throughout the cell, being 
concentrated primarily in the basal infoldings and beneath the 
apical membrane. In thin section, a mitochondrion was bounded 
by a smooth contoured outer membrane (Figure 13) . Within this 
membrane and separated from it by a space was another inner 
membrane. The inner membrane had numerous infoldings or 
cristae that projected into the matrix compartment of the 
organelle. Cristae were of variable length and formed a 
series of incomplete transverse septa.
In general, mitochondria appeared as simple spheres, 
straight or curved rods, or some other intermediate morphology 
(Figure 14) . Mitochondria showed great structural variability 
that could be correlated to the particular stage of 
engorgement. Structural variability included changes in their 
size, matrix density, and in the number, shape, extent, and 
disposition of the cristae. In some instances, the dark 
matrix of the mitochondria obscured their cristae. Matrix
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granules or intramitochondrial dense granules were observed in 
the mitochondrial matrix (Figure 14, inset). These granules 
were spherical, osmiophilic inclusions located within the 
mitochondria.
Ribosomes were found both free in the cytosol and bound 
to the membranes of endoplasmic reticulum forming the rough 
endoplasmic reticulum (Figure 15). In the cytoplasm, 
ribosomes were often arranged in clusters (polysomes) due to 
the connection of each ribosome to the same strand of mRNA. 
The rough endoplasmic reticulum was organized into flattened 
cisternae which were distributed throughout the cellular 
cytoplasm. The rough endoplasmic reticulum was continuous 
with the nuclear envelope.
The Golgi complex had an appearance of a series of 
stacked membranes with several vesicles and tubules extending 
from the membrane stack (Figure 16). These organelles had a 
distinct polarity between the convex forming face and the 
concave maturing face, where small vesicles containing either 
a flocculent or granular material were observed budding off. 
The rims of the cisternae were dilated and somewhat curved. 
Golgi complexes were located near rough endoplasmic reticulum, 
mitochondria, and structures resembling lysosomes.
Lysosomes were identified on the basis of ultrastructural 
features only. Whether these structures were actually 
lysosomes can only be determined by the demonstration of
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lysosomal enzymes within the enclosed membranes of the 
structure.
Lysosomes had various morphologies, depending on whether 
they were primary or secondary lysosomes. Primary lysosomes 
possessed a dense matrix surrounded by a single membrane and 
generally were located near the Golgi complexes (Figure 17). 
Secondary lysosomes or residual bodies contained material in 
the process of being degraded (Figures 26 and 27c). Some 
secondary lysosomes contained a membranous material surrounded 
by a granular substance. These structures occasionally fused 
together, and formed large vacuoles surrounded merely by a 
thin peripheral cytoplasmic membrane.
Autophagic vacuoles were observed and contained 
recognizable cellular constituents, such as mitochondria, that 
were in the process of undergoing degradation (Figures 18a, 
18b, and 18c). In some instances, the autophagic vacuoles 
appear to be formed by single or multiple endoplasmic 
reticulum cisternae that had wrapped around areas of the 
cytoplasm or cytoplasmic organelles and fused at their ends.
Cytoplasmic Inclusions
Tick gut epithelial cells possessed numerous types of 
cytoplasmic inclusions. These inclusions were frequently 
associated with the uptake and subsequent digestion of the 
ingested blood meal.
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Type 1 inclusions or spheroid inclusions contained a 
fine, granular material of low electron density surrounded by 
a membrane (Figures 19a, 19b and 19c). Located beneath this 
surrounding membrane was a dense rim of proteinaceous material 
(Figure 19a). Occasionally, only a thin rim of flocculent 
material was observed beneath the enclosing membrane (Figure 
19b) . Ribosomes were attached to the cytoplasmic side of this 
membrane. Spheroid inclusions were observed in a variety of 
sizes and shapes and, in many respects, resembled uncoated 
vesicles (Figure 19c). They were located primarily in the 
apical and central regions of the epithelial cells.
Type 2 inclusions or lamellated inclusions were composed 
of granular material forming layers of various densities 
(Figures 20, 21a, 21b, 21c, and 21d) . Each lamellated 
inclusion was surrounded by a ribosome studded membrane. Some 
gut epithelial cells possessed large numbers of these 
inclusions (Figure 20).
Lamellated inclusions had a wide variety of layering 
characteristics. In some instances, the layers were composed 
of varying densities of fine granular material (Figures 20 and 
21a) . In others, certain layers were extremely electron dense 
being located either peripherally (Figure 21b), centrally 
(Figure 21c), or dispersed throughout (Figure 21d). At other 
times, the inclusions were very dense giving the appearance of 
almost no layers. Some lamellated inclusions had flocculent 
material surrounding them (Figure 2Id).
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Type 3 inclusions had light central areas and dense 
irregular rims surrounded by membranes without ribosomes 
(Figures 22a, 22b, and 22c). These inclusions possessed a 
variety of morphologies, but always had an electron dense rim 
with a centrally located clear area. The size of the electron 
dense rim and the clear areas varied with each inclusion. Type 
3 inclusions were found primarily in old spent digestive 
cells.
Heterophagical vacuoles containing hemoglobin 
(siderosomes) were observed in the cytoplasm of digestive 
cells retained from the nymphal molt (Figures 23a and 23b). 
These structures were mottled in appearance and occupied large 
areas of cytoplasm. The form of mottling varied with each 
individual siderosome.
Hematin granules were electron dense structures 
surrounded by a single membrane (Figures 24a, 24b, and 24c). 
As intracellular hemoglobin digestion proceeded, hematin 
granules accumulated in the cytoplasm. Hematin granules had 
a variety of morphologies. The majority of granules were 
round with very electron dense cores (Figure 24a and 24c) . 
Some hematin granules had a rim of less electron dense 
material. Other hematin granules were cuboidal in shape and 
completely electron dense (Figure 24b). Hematin granules were 
located primarily within digestive cells, since these cells 
were actively involved in the uptake and degradation of the
blood meal.
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Hematin granules and lamellated inclusions had striking 
similarities in certain planes of section. In some instances, 
lamellated inclusions resembled hematin granules that were 
missing their electron dense core (Figure 25a). In other 
sections, a layering effect could be observed in the hematin 
granules, much like that seen in type 2 inclusions (Figure 
25b) .
A variety of membranous inclusions were observed within 
the gut epithelial cells (Figures 26, 27a, 27b, and 27c). Some 
of the membranous inclusions were undergoing degradation 
within lysosomes (Figures 26 and 27c), whereas others appeared 
to be enclosed by a single membrane (Figures 27a and 27b) . 
These later membranous inclusions were observed in large 
numbers within the cytoplasm of epithelial cells from unfed 
ticks.
Storage Inclusions
In addition to its main digestive function, the tick gut 
epithelium acted as a major storage site for nutritional 
reserves. These nutritional reserves were represented by 
glycogen rosettes, lipid droplets, and endosomes.
Tick gut epithelial cells contained varying quantities of 
glycogen. Differences in the amount of glycogen appeared to 
be dependent on the tick's age from its nymphal molt, as well 
as the length of time attached to a host. Glycogen rosettes 
had a typical fine structure (Figure 28) . Each glycogen alpha
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granule had a rosette morphology consisting of subunits called 
beta granules. The subunits were packed into alpha granules 
with different densities.
The gut epithelial cells had lipid droplets, that were 
round, homogenous, moderately dense structures not separated 
by membranes from the cytoplasmic matrix (Figure 29). Lipid 
droplets varied in size from very small to large, occurred 
singly or in groups, and were dispersed throughout the 
cytoplasm.
Endosomes were phagosomes that contained endocytosed 
hemoglobin. These were electron dense structures having a 
variety of different morphologies (Figure 30) . Endosomes 
represented an intermediate compartment in which hemoglobin 
was stored until degraded by lysosomal enzymes.
Description of Gut Epithelial Cells
The cell types of the tick gut epithelium were 
characterized by different ultrastructural features which 
correlated with their respective functions. A brief overview 
of the different gut epithelial cells follows as well as a 
description of the visceral muscle cells. A summary of spent 
digestive, developing digestive, active digestive, 
replacement, and secretory cell characteristics is included in
Table 3.
108
Stem cells were present in the gut epithelium of unfed 
ticks and during the initial days of engorgement. These cells 
did not have any ultrastructural features indicative of a 
digestive or secretory function. Stem cells were
characterized by cytoplasms filled with lipid droplets, 
glycogen rosettes, and occasional hematin granules (Figure 
31) . In many ways, these cells resembled an inactive digestive 
cell retained from the nymphal molt. Stem cells were 
proliferative, since pre-mitotic and mitotic figures with 
spindle microtubules were observed within their cytoplasms 
(Figure 32).
Replacement Cells
Replacement cells were bordered by digestive cells, other 
replacement cells, secretory cells, and the basal lamina 
(Figure 33) . As feeding progressed, these cells formed mounds 
or clusters of cells containing from three to seven cells. 
These replacement cell mounds were located in the basal area 
of the gut epithelium.
Rarely was the apical surface of replacement cells 
exposed to the gut lumen. No coated pits, coated vesicles, 
tubular elements or endosomes were observed within the apical 
cytoplasm. At the base of these replacement cells, were 
numerous basal infoldings or processes (Figure 34).
Stem Cells
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Replacement cells did not have any ultrastructural 
features indicative of a digestive or secretory function. 
During engorgement, replacement cells developed an electron 
lucent cytoplasm containing lipid droplets, hematin granules, 
rough endoplasmic reticulum, ribosomes, and mitochondria 
(Figures 11 and 34) . Organelles were located primarily in the 
perinuclear area, with the rough endoplasmic reticulum 
surrounding the nucleus in a characteristic manner. Short 
profiles of rough endoplasmic reticulum frequently were 
observed lying parallel to the lateral plasma membranes.
Replacement cells contained largely euchromatic nuclei 
with one or two prominent nucleoli (Figure 11). Occasional 
heterochromatin clumps were scattered within the nucleoplasm. 
Nuclei were typically spherical in shape with relatively 
smooth contours. These cells appeared to have a proliferative 
function since mitotic figures were observed within the 
replacement cell mounds.
Digestive Cells
Digestive cells appeared to arise from replacement cells, 
and in some instances, formed plume shaped clusters. Based on 
ultrastructural observations, these cells seem to be the same 
cell type at different stages of development. Digestive cells 
were interspersed between stem cells, replacement cells, 
secretory cells, and other digestive cells.
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Developing digestive cells were located on the outside of 
replacement cell mounds and active digestive cell clusters 
(Figure 35) . These cells had a staining intensity between 
that of the replacement cells and the active digestive cells. 
Developing digestive cells had nuclei which were larger than 
replacement cell nuclei. Nuclei were primarily euchromatic 
and had prominent nucleoli. Nuclear shape ranged from 
spherical to oval, with relatively smooth contours.
Developing digestive cells were characterized by 
scattered microvilli, numerous pinocytotic invaginations, and 
only a few endosomes or residual bodies within their electron 
lucent cytoplasms (Figures 3 and 36). These cells contained 
non-membrane bound lipid droplets, glycogen particles, and 
scattered rough endoplasmic reticulum. Developing digestive 
cells closely resembled replacement cells, differing primarily 
in number and type of cytoplasmic organelles, as well as in 
the size of their nuclei.
Active Digestive Cells
During stage I and stage II, active digestive cells were 
located in plume shaped clusters that projected far into the 
gut lumen (Figure 37). Numerous microvilli were located on 
the apical-lateral surface of these digestive cells. 
Constituents of the apical area in active digestive cells 
included coated pits, coated and uncoated vesicles, tubular
Developing Digestive Cells
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elements, and endosomes of various sizes (Figures 3 and 7). 
Mitochondria, rough endoplasmic reticulum, Golgi complexes, 
polyribosomes, endosomes, and lipid droplets were common 
throughout the cell (Figure 38). Depending on the stage of 
engorgement, endosomes were present in the apical areas of the 
cells and possessed a variety of morphologies. When compared 
to spent digestive cell lipid droplets, active digestive cell 
lipid droplets tended to be irregular in shape and smaller in 
size.
As engorgement proceeded, the nuclei of active digestive 
cells enlarged. In the phase of greatest nuclear growth 
(stage II), the nuclei became quite large with little 
heterochromatin, extensive areas of euchromatin and prominent 
nucleoli (Figures 38 and 39). In the majority of cells, the 
long axis of the oval shaped nuclei were oriented 
perpendicularly to the basal lamina.
The nucleoli of stage II and stage III digestive cell 
nuclei also underwent distinct changes. Nucleoli formerly 
compact in shape, now appeared to divide or segregate into 
small bodies which became widely distributed within the 
nucleoplasm (Figure 39). Up to three nucleoli were observed 
in a single nucleus. The large nuclear size could be related 
to the active synthesis of cellular products.
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Spent digestive cells were present throughout 
engorgement. Those cells observed at the beginning of feeding 
probably represent digestive cells from the nymphal instar. 
These cells were full of hematin granules, residual bodies, 
lipid droplets and distended rough endoplasmic reticulum 
(Figures 40 and 41).
Some of the spent digestive cells appeared to bud into 
the lumen where they either ruptured or remained intact until 
excreted (Figure 42). Other spent digestive cells remained 
attached to the basal lamina and released their hematin 
granules via exocytosis or by the rupturing of their apical 
plasma membrane. Microvilli were either absent or very 
scarce, and were replaced by fingerlike projections (Figure 
43) .
Secretory Cells
Secretory cells were first observed in the gut epithelium 
during stage II of engorgement. The basal areas of these 
cells were bordered by the basal lamina, replacement cells and 
digestive cells (Figure 44). Secretory cells stained 
intensely with the different stains used in this study. 
Secretory granules were concentrated in the apical area of the 




Nuclei were large and often had an irregular outline 
(Figures 45 and 46) . The secretory cell nucleus frequently 
contained two to three nucleoli. Golgi complexes, organized 
arrays of rough endoplasmic reticulum, and mitochondria were 
common in this cell type. Spherical droplets resembling 
secretory granules were concentrated within the apical area of 
these cells.
Visceral Muscle Cells
A network of visceral muscle cells were located beneath 
the basal lamina. This network of muscle cells consisted of 
elongated, narrow, spindle-shaped cells, containing transverse 
striations (Figure 47). The cells were arranged with tapered 
ends overlapping, forming a thin sheet. The muscle cells were 
invested by a thin external lamina. Each muscle fiber had a 
single elliptical or rod shaped nucleus.
A small part of the muscle cell was occupied by 
structures in the extrafibrillar sarcoplasm (Figures 48 and 
49). Mitochondria were spherical or rod shaped with numerous 
cristae. The mitochondria were present in the conical central 
space at the nuclear poles, in a subsarcolemmal position, or 
distributed singly among the myofilaments. A few lipid 
droplets, granular sarcoplasmic reticulum of varied lengths, 
and many free ribosomes were observed in these same areas.
The fiber direction of one set of muscle fibers was 
usually different from adjacent ones (Figure 49) . Thin
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filaments were connected by dense bodies within the cytoplasm. 
The cut ends of the filaments appeared as dark dots of uniform 
size and were distributed in a somewhat regular pattern.
Blood Meal Uptake
The first step in intracellular digestion was the uptake 
of the blood meal at the apical surface of the gut epithelial 
cells. Internalization of membrane and blood meal components 
occurred through the process of endocytosis. Endocytotic 
vesicles appeared as droplike invaginations of the trilaminar 
cell membrane (Figures 4, 7, 50, and 51). Three types of 
endocytotic vesicles were observed, coated vesicles, uncoated 
(fluid-phase micropinocytotic) vesicles, and tubular elements. 
These endocytotic vesicles eventually fused together to form 
an endosome.
The lumenal contents of the tick gut had an electron- 
dense appearance due to the presence of iron (hemoglobin) in 
the blood meal (Figures 50 and 51) . A similar electron 
density was observed in the lumen of coated and uncoated 
vesicles, and tubular elements.
Clathrin coated pits and vesicles were common along the 
apical membrane of both developing and active digestive cells 
and probably represented a type of receptor-mediated 
endocytosis (Figures 4 and 50) . Coated pits appeared to be
TABLE 3. Ultrastructural differences between spent digestive cells, developing digestive cells, active 













Microvilli +/- ++ +++ +/- ++Coated Pits +/- ++ +++ - +Pinocytic Vesicles + +++ +++ - ++
Tubular Elements +/- +++ +++ - -Nucleus
Euchromatin +++ +++ +++ +++ +++
Heterochromatin + + + + +
Nucleolus
Number 1-2 1-2 1-3 1-2 1-2
Mitochondria + ++ +++ ++ +++
RER
Normal RER + ++ +++ ++ +++
Distended RER ++ - + - +/-Ribosomes
Free (Unattached) ++ ++ +++ +++ ++
Bound to ER +++ ++ ++ ++ +++
Golgi Complex - + ++ + +++
Secondary Lysosomes +++ +/- ++ + +Endosomes
Number + ++ +++ -
Size small small medium - -
Lipid Droplets
Number +++ + ++ ++ +
Size large small-medium small large large
Hematin Granules +++ ++ ++ - +
Number of organelles and types of structural features are meant to convey relative differences between 
these cell types in a stage II tick during a primary infestation.
(-), none; (+/-), occasional; (+), few; (++), common; (+++), numerous
i
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formed by the binding of a protein, clathrin, to the 
cytoplasmic side of the plasma membrane. Coated vesicles 
demonstrated an internal lining of flocculent material and 
were studded externally with spines representing the clathrin 
coat (Figures 4 and 50). Very soon after the coated vesicle 
formed, the clathrin coat dissociated from the vesicle leaving 
a smooth appearing vesicle.
Uncoated pits and vesicles were filled with a fine 
granular material of low electron density, while the 
cytoplasmic aspect of the trilaminar membrane was smooth 
(Figures 4 and 51). This process probably represented a 
random uptake of the lumenal contents, since no receptors 
appeared to be involved. Uncoated vesicles often had 
morphologies similar to the vesicles formed after dissociation 
of the clathrin from coated vesicles.
Tubular elements were found in the apical areas of the 
digestive cells (Figures 50 and 51). These endocytotic 
structures were tubular in shape and were observed fusing with 
endosomes. Electron dense and electron lucent tubular 
elements were found in the apical cytoplasm near coated and 
uncoated vesicles.
The uptake of cellular components found in the blood meal 
and small hemoglobin crystals appeared to occur via the 
process of phagocytosis. Entire leukocytes or their 
respective granules were observed within the digestive cell 
cytoplasm (Figure 52). The apical part of the cell was able
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to project poorly differentiated pseudopodia-like extensions 
which were able to surround and engulf components of the blood 
meal. Components of the blood meal were enclosed within a 
membrane-bound vacuole or phagosome.
Pnfed Tick Gut Epithelium
The digestive tract of unfed adult female ticks were 
lined by a pseudostratified epithelium resting on a basement 
membrane (Figure 53a and 53b). The gut lumens were small and 
filled with the apical areas of the epithelial cells. A 
network of muscle cells were located outside the basement 
membrane.
Recently Molted Adult Female (One Month)
The epithelium consisted of two cell types, primarily 
lipid-containing stem cells and residual digestive cells. 
Cuboidal or wedge shaped stem cells were basally located and 
often covered with overlapping neighboring digestive cells 
(Figure 53). Nonmembrane-bound lipid inclusions and glycogen 
rosettes were dispersed throughout the cytoplasm (Figure 54). 
No Golgi complexes were observed. Few mitochondria and low 
numbers of hematin granules were present. Rough endoplasmic 
reticulum was associated primarily with the nuclei. Nuclei 
were small and spherically shaped with little heterochromatin 
and no visible nucleolus (Figure 55) . Occasional mitotic 
structures were observed within these cells.
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The apical region of hypertrophied digestive cells filled 
the gut lumen (Figures 53 and 56) . Intracellular digestion of 
the endocytosed hemoglobin was asynchronous, resulting in a 
variety of cytoplasmic inclusions associated with hemoglobin 
digestion. Numerous endosomes, hematin granules, and 
heterophagical vacuoles containing hemoglobin were located 
within the apical region of these cells (Figures 56 and 57). 
Spent digestive cells had many electron-dense, iron- 
containing, membrane-bound hematin granules. Rupturing spent 
digestive cells were observed within the epithelium (Figure 
58) .
Zonula adherens and septate junctions were found at the 
apical borders of adjacent digestive cells. The apical plasma 
membrane bordering the lumen contained few microvilli. These 
microvilli had a very thin glycocalyx. The apical plasma 
membrane showed no evidence of blood meal uptake via either 
pinocytosis or phagocytosis.
Aged Adult Female (Six Months)
At this nonparasitic stage, hematin granules were 
dispersed throughout the cytoplasm of the stem cells (Figures 
59 and 60) . Few digestive cells and no endosomes or 
heterophagical vacuoles containing hemoglobin were observed. 
Glycogen rosettes and lipid droplets were less numerous. 
Lipid droplets seemed larger and were in groups. Epithelial 
cells generally had a vacuolated appearance due to the spaces
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surrounding the hematin granules (Figure 59). Nuclei had a 
variety of shapes, with large areas of heterochromatin and no 
nucleoli present (Figure 60).
Gut Epithelium of Engorging Adult Female Ticks
Ticks of different size, coloration, and weight were 
sampled to observe changes in gut development. The morphology 
and development of the tick gut epithelium depended upon a 
variety of factors including feeding conditions, length of 
attachment, mating status, and elapsing time from nymphal 
molt. Refer to Table 4. for primary infestation tick data.
During the primary infestation, stage I female ticks were 
all active and ranged in size from 2.0 mm x 3.0 mm to 3.0 mm 
x 4.5 mm. Toward the end of this stage, the idiosoma became 
slightly expanded with tick weights ranging from 0.00431 grams 
to 0.01303 grams.
Stage II female ticks ranged in size from 3.0 mm x 4.0 mm 
to 6.0 mm x 8.0 mm. In contrast to stage I ticks, the 
idiosoma underwent significant expansion with a corresponding 
increase in weight. Tick weight ranged from 0.01820 grams to 
0.12382 grams. Stage III ticks ranged in size from 7.0 mm x 
9.5 mm to 10.0 mm x 13.0 mm, and had weights between 0.18750 




The gut epithelium at this stage of engorgement resembled 
that of unfed ticks. The epithelium consisted of a single 
cell type that contained several large lipid droplets and 
hematin granules distributed throughout the cytoplasm (Figure 
61) . Nuclei were primarily euchromatic and occasionally 
contained a nucleolus. Gut lumens were very small and 
contained a homogeneously staining proteinaceous material.
Uptake of the blood meal at the apical plasma membrane 
via coated and uncoated vesicles was observed during the first 
24 hours of feeding (Figure 62). Blood meal components were 
endocytosed upon entering the gut and digested within the gut 
epithelial cells. In the early days of feeding, this 
assimilation of the blood meal did not result in the presence 
of endosomes or residual hematin granules. Nevertheless, 
digestion appeared to precede very rapidly during the initial 
days of engorgement.
Days 2-4, Post-attachment (2.0 mm x 3.0 mm, Brown Color)
The lumen of the gut diverticulae were enlarging as the 
amount of ingested blood meal increased and as the epithelial 
cells proliferated. The tick appeared to be feeding slowly, 
with host blood cells and tissue fluid observed within the 
lumen (Figure 63). At the light microscopic level, the lumen
Day 1, Post-attachment (2.0 mm x 3.0 mm, Brown Color)
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TABLE 4. Primary infestation.
DAYS (HOURS) ACTIVITY1 COLORATION MEASUREMENTS WEIGHT
Stage I .
1 24 ++ Brown 2.0 mm X 3.0 mm 0.00431 g2 48 + + Brown 2.0 mm X 3.5 mm 0.00516 g3 72 + + Brown 2.0 mm X 3.5 mm 0.00590 g4 95 + + Brown 2.0 mm X 3.0 mm 0.00545 g5 120 ++ Brown 2.5 mm X 3.5 mm 0.00622 g9 216 ++ Brown 3.0 mm X 4.5 mm 0.01303 gStage II.
8 192 ++ Creamy gray 5.0 mm X 7.0 mm 0.09452 g10 240 ++ Creamy qray 4.0 mm X 5.5 mm 0.03588 g11 264 ++ Creamy qray 4.0 mm X 5.5 mm 0.03127 g14 336 ++ Creamy qray 6.0 mm X 8.0 mm 0.12382 g19 456 ++ Creamy gray 3.0 mm X 4.0 mm 0.01820 gStage III
9 Engorged ++ Blue gray 9.0 mm X 10.i0 mm 0.30534 g12 Engorged ++ Blue gray 10.0 mm X 13.10 mm 0.71510 g14 Engorged — Dark brown 8.0 mm X 9.0 mm 0.27813 g15 Engorged ++ Blue gray 7.0 mm X 9.5 mm 0.19888 g15 Engorged + + Blue gray 7.0 mm X 9.5 mm 0.18750 g
1 Activity level was determined by the ability to crawl after removal from 
the guinea pig host. (++), active; (— ), dead.
was filled with a homogeneous proteinaceous material (Figure 
64). No hematin granules were found in the lumen.
Spent digestive cells were observed either attached to 
the basal lamina or free in the lumen and contained large 
numbers of hematin granules. Developing digestive cells were 
cuboidal or dome shaped and contained small lipid droplets 
that were evenly distributed within the cytoplasm (Figure 64). 
Large lipid droplets with occasional hematin granules were 
found within cells resembling stem cells and/or replacement
cells.
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Between five to nine days after attachment, the gut 
epithelium changed in morphology from the previous ticks, with 
the gut epithelial cells becoming more hypertrophied and 
having larger nuclei. Replacement cells and developing 
digestive cells were becoming more recognizable within the 
epithelium.
Mitotic divisions occurred as early as one day after 
attachment and throughout the feeding period, but were more 
numerous during this time frame of engorgement. Mitotic 
figures were observed most frequently within the replacement 
cell clusters (Figure 65) .
Stage II.
It is during Stage II that the gut epithelium underwent 
the most significant changes. The different cell types were 
more prevalent and were easily identifiable.
Early Stage II.
Day 10, Post-attachment (4.0 mm x 5.5 mm, Creamy Gray Color)
A more differentiated gut epithelium was present at this 
stage of engorgement than in the gut of stage I females. 
Replacement cells occurred in groups of three to five cells 
along the basal lamina, and were found between the bases of 
the digestive cells (Figure 66) . Replacement cells were 
small, with light staining cytoplasms that contained
Days 5-9, Post-attachment (2.0 mm x 3.5 mm, Brown Color)
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structures resembling mitochondria or endoplasmic reticulum. 
Nuclei were spherical in shape with patches of heterochromatin 
located at the periphery of the nucleus. Occasional nucleoli 
were observed.
Apical areas of developing digestive cells began to 
project toward the lumen. Developing digestive cells were 
located at the periphery of the replacement cell mounds and 
had a staining intensity between the replacement cells and the 
active digestive cells (Figure 67) . Nuclei were large and 
possessed very prominent nucleoli. Lipid droplets were 
commonly found within these cells.
As engorgement proceeded, many digestive cells became 
more active in the uptake and subsequent digestion of the 
blood meal, as indicated by the increased accumulation of 
hematin granules and small endosomes within the apical areas 
of the digestive cells (Figures 66 and 67). The presence of 
coated and uncoated pits, tubular elements, and endosomes in 
the apical areas of the digestive cells indicates an active 
uptake of the blood meal, while the appearance of primary 
lysosomes and hematin granules suggests that intracellular 
digestion may be taking place.
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At mid-stage II, the gut epithelium resembled that of 
early stage II ticks. As in the previous ticks, the gut lumen 
was filled with a uniformly staining proteinaceous material, 
with some areas containing flocculent material (Figure 68). 
Only a few free hematin granules were observed within this 
proteinaceous material.
Replacement cells occurred in groups of three to seven 
cells between the basal extensions of the active digestive 
cells (Figure 69) . At this time during engorgement, the 
replacement cell cytoplasm stained more intensely with the 
different stains, possibly indicating a gradual development 
into active digestive cells or secretory cells. Nuclei were 
spherical in shape and possessed at least one prominent 
nucleolus. Dark staining structures resembling hematin 
granules were found in the cytoplasm.
Active digestive cells were abundant and their 
hypertrophied apical areas bulged into the lumen (Figure 69). 
These cells still occurred in groups with their basal areas 
being squeezed between the clusters of replacement cells. The 
clusters of active digestive cells had plume shapes and 
stained intensely with the different stains used in this 
study.
The lumenal surface of the digestive cells were covered 
with microvilli. Hematin granules were numerous and scattered
Mid-Stage II.
Day 11, Post-attachment (4.0 mm x 5.0 mm, Creamy Gray Color)
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throughout the cells (Figure 7 0) . Lipid droplets were 
commonly observed. Active digestive cell nuclei were larger 
than those of the replacement cells. Frequently, one to two 
nucleoli were observed within each nucleus.
Secretory cells were found in the gut epithelium and 
could be identified by their intense staining cytoplasms. 
Spherical structures resembling secretory granules were 
observed in the apical areas of these cells.
Basal infoldings, containing many mitochondria, reached 
their maximum level of development during stage II (Figure 
10). The localization of mitochondria in the swollen 
extensions close to the basal lamina probably provided the 
energy required for active transport of water and ions.
Late Stage II.
Day 14, Post-attachment (6.0 mm x 8.0 mm, Creamy Gray Color)
Development in this group of ticks was more advanced than 
in the 4.0 mm x 5.0 mm ticks, but contained the same cell 
types. At this time, the tick appeared to be ingesting large 
quantities of host blood and increasing greatly in size.
The gut lumina of these ticks were larger than in the 
previous group, but no hemoglobin crystals or hematin granules 
were observed (Figure 71). Lumenal contents were stained a 
homogeneous blue with methylene blue-azure A-basic fuchsin. 
Spent digestive cells or sections through the apexes of active
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digestive cells gave the appearance of cells floating within 
this homogeneous mixture.
Apical areas of active digestive cells projected far into 
the gut lumen, but did not completely occlude the lumen. 
Their cytoplasms were filled with small endosomes which were 
concentrated primarily in their apical areas (Figure 71) . 
Hematin granules were present throughout the apical and 
central areas of the cells.
Active digestive cells appeared in clusters or as stalks 
that emerged from a small area of the basal gut epithelium 
(Figure 71). Several of these clusters or stalks of digestive 
cells were found among the replacement cells. Below the 
nucleus were endosome-free areas that contained large amounts 
of protein. Oval nuclei were large (approximately 28 urn x 15 
um), with little heterochromatin and from one to two 
conspicuous nucleoli.
Replacement cells were found between and at the base of 
the digestive cells (Figure 71) . Nuclei were spherical 
(approximately 11 um) with large amounts of euchromatin, very 
little heterochromatin, and large nucleoli. Often, there were 
two nucleoli present. Lipid droplets were observed in these 
light staining cells.
Secretory cells were sgueezed between the enlarging 
active digestive cells with extensions of their cytoplasm 
separating many of these digestive cells from the basal lamina 
(Figure 72) . These cells did not occur in groups and were
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found scattered within the epithelium. Their cytoplasms were 
stained intensely with the toluidine blue, which would 
indicate the presence of large amounts of protein within the 
cytoplasm. Structures resembling mitochondria or endoplasmic 
reticulum were observed, as were perfectly spherical droplets 
that were concentrated in the apical area of the cell. Nuclei 
were large (approximately 16 um x 11 urn), oval in shape, and 
had prominent nucleoli with large areas of euchromatin and 
little heterochromatin.
Stage III.
Detachment Day (7.0 mm x 9.5 mm, Blue Gray Color)
The gut lumina of engorged female ticks were quite large 
and filled with hemoglobin crystals, hematin granules, 
cellular debris, and flocculent material (Figure 73). 
Hemoglobin crystals ranged in size from small (less than 1.0 
um) to very large (greater than 100.0 um) . At times, these 
hemoglobin crystals appeared to coalesce, forming aggregates 
of crystals. Sections stained with the tribasic stain had 
green hemoglobin crystals and pink staining flocculent 
material (Figure 74) . These sections demonstrated a pink 
brush border with apical areas of the active digestive cell 
cytoplasm staining pink. The basement membrane of the gut 
epithelium also stained an intense pink color.
The apical areas of active digestive cells projected into 
the gut lumen but did not occlude the lumen as in earlier
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stages. In contrast to earlier tick stages, active digestive 
cells did not appear as a plume shaped cluster of cells 
arising from a common cell or group of cells. Instead, the 
cells had a columnar shape (Figure 75). Hematin granules were 
concentrated along the apical surfaces exposed to the gut 
lumen. Very few hematin granules were found in the center or 
base of the digestive cells.
Active digestive cells were packed with endosomes, most 
of which were large and stained intensely with the different 
stains (Figures 75 and 76) . Endosomes were the most prominent 
cytoplasmic structures present in these cells, and were 
distributed throughout the cell extending from the apex to the 
base of the cell. Few lipid droplets were observed. Large, 
spherical shaped nuclei (approximately 17 um x 12 urn) were 
found in the apical and central areas of the cell. Prominent 
nucleoli were observed within the nuclei.
At this stage of development, replacement cells were 
scarce with many of these cells apparently transforming into 
either active digestive cells or secretory cells. Replacement 
cell cytoplasms still stained lightly with any of the stains 
used in this study (Figure 76) . These cells characteristically 
contained lipid droplets, with few, if any endosomes. Some of 
these cells contained hematin granules. Nuclei possessed a 
characteristic spherical appearance (approximately 11 um in 
diameter) with prominent nucleoli.
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Secretory cells were still present during this stage of 
engorgement (Figures 46 and 77). These cells were squeezed 
between the columnar shaped digestive cells. The secretory 
cell cytoplasm stained intensely with the malachite green- 
toluidine blue-basic fuchsin. Occasional lipid droplets were 
observed. Structures resembling mitochondria or possibly 
endoplasmic reticulum were found throughout the cytoplasm. 
Nuclei were large with prominent nucleoli.
Ticks Fed on Guinea Pigs Expressing Tick Resistance
The ears of resistant guinea pigs had a noticeable edema, 
erythema, and sensitivity to touch as early as 24 hours post­
attachment. In some instances, large epidermal vesicles 
developed beneath the mouthparts of the attached ticks. Ticks 
secreted large amounts of attachment cement which formed a 
thick casing around the tick mouthparts.
Ticks fed poorly during the second, third, and fourth 
infestations. Tick detachments or changes in position were 
more common on resistant versus naive guinea pigs. Some ticks 
did not attach to the guinea pig ears, but instead crawled 
around within the vial casing until they died. Ticks that did 
attach frequently were trapped within a serous exudate that 
sometimes covered the entire tick. Often, tick death in situ 
was associated with large amounts of serous exudate,
especially during the tertiary and quaternary infestations.
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Refer to Tables 5, 6, and 7 for secondary, tertiary, and
quaternary tick infestation data.
Gut Morphology
Ticks collected during the first five days of feeding had 
no obvious damage to the gut. However, ticks collected later 
did show signs of gross morphological changes in the gut which 
were evident upon dissection. Under these conditions, the gut 
diverticulae were very fragile and in some instances, lysed 
when the dorsal surface was removed. In female ticks having 
reduced activity, the midgut and lateral wing diverticulae 
were a pale white or very dull gray color. In some ticks, a 
thin film covered part or all of the digestive tract.
TABLE 5. Secondary infestation.
DAYS (HOURS) ACTIVITY1 COLORATION
Stage I.
1 24 ++ Brown
2 48 ++ Brown
3 72 ++ Brown
4 96 ++ Brown
5 120 ++ BrownStage II.
3 72 ++ Creamy Gray
7 168 — Creamy Gray
7 168 ++ Creamy Gray7 168 + + Creamy Gray9 216 ++ Creamy Gray
12 288 + + Creamy Gray
18 432 + Creamy Gray
Stage III •
12 Engorged — Dark Brown
















mm X 3.5 mm
mm X 4.0 mm
mm X 3.5 mm
mm X 3.5 mm
mm X 4.5 mm
mm X 5.0 mm
mm X 4.5 mm
mm X 5.0 mmmm X 5.0 mmmm X 5.0 mm
mm X 7.5 mm













mm x 9.5 mm 0.19009 g 
mm x 11.0 mm 0.34272 g
1 Activity level was determined by the ability to crawl after removal from
the guinea pig host. (+), reduced activity; (++), active; (—), dead.
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TABLE 6. Tertiary infestation.
DAYS (HOURS) ACTIVITY1 COLORATION MEASUREMENTS WEIGHT
Stacre I.
1 24 + + Brown 2.5 mm X 3.5 mm 0.00575 g2 48 ++ Brown 2.5 mm X 3.5 mm 0.00507 g3 72 ++ Brown 2.5 mm X 3.5 mm 0.00566 g4 96 ++ Brown 3.0 mm X 4.0 mm 0.00952 g5 120 — Brown 2.5 mm X 3.5 mm 0.00552 g6 144 ++ Brown 2.5 mm X 3.5 mm 0.00909 g7 168 — Brown 3.0 mm X 4.0 mm 0.00999 gStacie II .
5 120 ++ Creamy Gray 3.5 mm X 5.0 mm 0.01739 g8 192 — Creamy Gray 3.0 mm X 5.0 mm 0.01585 g8 192 ++ Creamy Gray 4.0 mm X 6.5 mm 0.05648 g9 216 + Creamy Gray 4.5 mm X 5.0 mm 0.03897 g14 336 + + Creamy Gray 5.0 mm X 7.0 mm 0.08866 g20 480 + Creamy Gray 5.0 mm X 7.0 mm 0.06238 g21 504 + Creamy Gray 4.0 mm X 7.0 mm 0.05727 gStacre III.
14 Engorged + Blue Gray 9.0 mm X 10.(3 mm 0.50070 g
1 Activity level was determined by the ability to crawl after removal from 
the guinea pig host. (+), reduced activity; (++), active; (— ), dead.
TABLE 7. Quaternary infestation.
DAYS (HOURS) ACTIVITY1 COLORATION MEASUREMENTS WEIGHT
Stacre I.
1 24 ++ Brown 2.5 mm X 3.5 mm 0.00586 g2 48 + + Brown 2.5 mm X 3.5 mm 0.00545 g3 72 + + Brown 3.0 mm X 4.0 mm 0.01187 g4 96 + + Brown 3.0 mm X 4.0 mm 0.01139 g5 120 ++ Brown 3.0 mm X 4.0 mm 0.00892 gStaqe II.
6 144 ++ Creamy Gray 3.5 mm X 4.5 mm 0.01701 g7 168 + Creamy Gray 3.5 mm X 5.0 mm 0.03031 g8 192 + Creamy Gray 4.5 mm X 5.0 mm 0.02767 g9 216 — Dark Brown 4.0 mm X 5.0 mm 0.03470 g11 264 + + Creamy Gray 4.5 mm X 6.0 mm 0.04774 gStacre III.
12 288 _ _ Dark brown 5.0 mm X 7.0 mm 0.09054 g13 Engorged + + Blue Gray 5.0 mm X 8.0 mm 0.12763 g
1 Activity level was determined by the ability to crawl after removal from
the guinea pig host. (+), reduced activity; (++), active; (—), dead.
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Ticks with a pale colored gut had few host cells of any 
type in the lumen, however, the gut epithelium was extensively 
damaged. On a few occasions, bubbles of gas (not analyzed) 
were observed in the lumen of the stomach. Damage to the gut 
was most apparent during the later part of stage I and stage 
II feeding ticks.
Gut Epithelium
During the initial days of infestation, the gut 
epithelium of feeding ticks did not show any signs of 
ultrastructural damage. The gut epithelium of these early 
ticks basically resembled that of ticks sampled during a 
primary infestation. Replacement cells were found in clusters 
within the basal area of the gut epithelium, while digestive 
cells were involved in the uptake of the blood meal (Figure 
78). The gut lumen during this time contained large numbers 
of host effector elements, namely basophils, eosinophils, and 
neutrophils (Figure 79).
Gut epithelium from ticks sampled at later times during 
the different re-infestations showed signs of damage, 
particularly in stage II ticks. In some instances, the damage 
to the gut epithelium appeared to be only minor. Damage 
varied from reduced numbers of gut epithelial cells, to a 
decrease in height of the epithelial cell clusters (Figure 
80) . The epithelial cells that were present within the 
epithelium appeared to be normal except for changes in their
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nuclear morphology. Nuclei were generally smaller and had 
irregular contours. Nucleoli were fewer in number.
At the light microscopic and electron microscopic level, 
secretory cells and digestive cells did not demonstrate any 
adverse effects from the tick feeding on a guinea pig 
expressing tick resistance (Figures 81 and 82) . In some 
respects, the apical surface of these cells appeared to be 
more expansive. The bases of the digestive cell clusters were 
not sgueezed between replacement cell mounds. The secretory 
cells appeared to increase in number within the gut 
epithelium. This increase in cell surface area and cell 
number could be possibly related to the absence of epithelial 
cell crowding due to a reduction in the overall number of 
cells.
Endocytotic activity of developing and active digestive 
cells did not appear to be hampered, as indicated by the 
presence of endosomes and hematin granules within the apical 
areas of the cells (Figure 83). Clusters of digestive cells 
extended into the gut lumen with microvilli covering the 
lumenal areas of the cells. The nuclei of these cells 
generally had an irregular outline and from zero to one 
nucleoli.
Certain epithelial cells of the gut appeared to be more 
adversely affected by blood meal components from the resistant 
guinea pigs. The most severe effect was on the replacement 
cells which were fewer in number, possibly indicating an
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inability to proliferate adequately or a higher demand to 
differentiate into digestive or secretory cells in order to 
replace damaged cells (Figure 84) .
In ticks fed on highly resistant guinea pigs, the 
decrease in replacement cell number resulted in a reduction in 
the proportion of these cells in the gut epithelium. The 
number and size of the replacement cell clusters were 
decreased, with effects being most pronounced in the 
quaternary infestations (Figure 84) . In contrast to the 
spherical nuclei found in primary infestations, the nuclei of 
these replacement cells had an irregular oval shape with the 
long axis being oriented parallel with the basal lamina.
Digestive cells within the gut epithelium of engorged 
female ticks fed on guinea pigs expressing tick resistance did 
not have a columnar appearance like that observed in female 
ticks from the primary infestation (Figure 85). This absence 
of columnar shape may be an indirect result of the reduced 
stretching caused by the smaller size of the ingested blood 
meal.
Necrotic epithelial cells were seen within the gut 
epithelium of ticks demonstrating reduced viability or death. 
These cells were swollen and vacuolated in appearance (Figure 
86) . At the ultrastructural level, these cells had a 
disruption of external and internal membranes (Figure 87) . In 
the initial stages of cell death, the rough endoplasmic
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reticulum was dilated and a slight swelling of the 
mitochondria was observed.
The later stages of necrosis or cell death were 
characterized by an abrupt increase in the volume of the 
mitochondria and the disruption of their cristae (Figure 88). 
This appearance frequently coincided with deposition of 
floccular and crystalline matrix densities within the 
mitochondrial matrix. The former possibly represented 
denatured mitochondrial proteins, while the latter densities 
probably contained calcium in an insoluble form.
Concluding events in the necrotic gut epithelium included 
the appearance of obvious structural defects in the cellular 
membrane, total disorganization of cytoplasmic organelles, and 
rupture of the cell so that the remnants of organelles 
appeared in the extracellular fluid. In some instances, the 
gut lumen became filled with tick gut cells which had been 
shed into the lumen and were mixed with the ingested blood 
meal (Figure 89).
Throughout most of the necrotic process, nuclear 
morphology was little disturbed. Nuclear pores remained 
intact, with the heterochromatin appearing coarser and more 
marginated (Figure 90) . Eventually, the nucleus was 
destroyed.
Host Effector Components
Intact basophils, eosinophils or their respective 
granules were found within the gut lumens of engorging ticks. 
During the first six days of feeding, large numbers of these 
host effector elements were observed within the lumen (Figure 
91) . After this time, basophil and eosinophil granules 
generally were found within the digestive cell cytoplasm 
(Figure 92) . These host effector elements were found in both 
the stomach and the different caecae of the tick gut.
Ingested basophils had short surface processes, segmented 
nuclei with heavily condensed chromatin, and mature basophil 
granules (Figure 93) . Degranulation sacs were observed within 
these cells and were formed from relatively thin cytoplasmic 
processes.
Discharged granules, whether free in the gut lumen or 
within digestive cell phagosomes, retained their basic 
ultrastructure, although the lamellar arrays were widened 
(Figures 94a, 94b, 94c, and 95). Within the digestive cell 
cytoplasm, the majority of ingested granules were ringed with 
a clear halo which contained flocculent material (Figure 95) . 
Sometimes, adjacent granules within the digestive cell 
phagosomes were loosely associated by intertwining strands of 
moderately dense granular material (Figures 95 and 96) . 
Strands of fibrillar debris clung to the surface of dissolving 
granules and were present in halos around the granules.
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Many basophil granules were at various stages of 
anaphylactic degranulation. Some basophil granules had a 
compact crystalline lattice structure (Figure 94c). Other 
granules began to lose their compact structure and the 
individual plates were apparent. Fuzzy material was observed 
surrounding basophil granules suggesting the release of 
basophil granule-associated mediators which could be related 
to the loss of organized granule structure.
As basophil granules released their mediators, signs of 
gut epithelial cell damage became apparent. In some 
instances, gut epithelial cell microvilli were absent or 
reduced in number (Figure 93) . The membranes of digestive 
cell phagosomes which contained basophil granules showed signs 
of disintegration, indicating that the basophil mediators were 
being released directly into the digestive cell cytoplasm 
(Figure 97). At other times, the gut epithelial cells were 
destroyed after phagocytosing large numbers of basophil 
granules (Figure 98).
Eosinophils were present within the gut lumen and could 
be identified by their characteristic football-shaped 
granules, which contained an electron dense crystalloid core 
and less electron dense matrix (Figures 99 and 100) . In some 
instances, the density of the eosinophil granule crystalloid 
was identical to that of the matrix material so that the two 
were virtually indistinguishable (Figure 100). At other 
times, the matrix was uncharacteristically more dense than the
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crystalloid (Figures 101 and 102). Groups of these reverse 
staining granules were found within the gut lumen and 
digestive cell cytoplasms. Gut epithelial cells found in 
association with these reversed staining granules did have 
signs of ultrastructural damage as revealed by reduced numbers 
of microvilli in the vicinity of the eosinophil granules 
(Figure 101). Digestive cell phagosome membranes also showed 
the loss of membrane integrity when containing large numbers 
of eosinophil granules, thus potentially releasing the 
eosinophil mediators into the cytoplasm (Figure 102).
DISCUSSION
Ingestion of a blood meal initiates numerous structural 
and developmental changes within the gut epithelium. In all 
hematophagous arthropods, the midgut is the site of blood meal 
digestion and is usually the initiating organ for post-feeding 
developmental events. It has been pointed out by some authors 
that time indications with respect to differentiation 
processes within the gut epithelium may be of limited value 
since there are considerable biological variations among 
individual ticks. Nevertheless, in this study, an attempt was 
made to characterize the gut epithelium of adult female 
Amblvomma americanum ticks fed on hosts acguiring tick 
resistance. This investigation also tried to determine if the 
gut epithelium from engorging ticks was adversely affected by 
blood meals obtained from hosts expressing tick resistance.
Cellular Polarity
Polarized epithelial cells lined the gut lumen and were 
involved in the specialized transport functions of absorption, 
digestion, and secretion. The microvilli of female Amblvomma 
americanum ticks did not appear to be as strictly arranged as 
in insect (Smith, 1970) or mammalian gut tissues (Fawcett,
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1981). As feeding progressed in these ticks, the epithelial 
cell microvilli tended to increase in number and length, thus 
increasing the surface area available for exchange and 
absorptive processes between the epithelial cells and the gut 
lumen.
Gut epithelial cell microvilli of female Amblvomma 
americanum were covered with a thin glycocalyx, versus a thick 
glycocalyx which often is observed in species with a lumenal 
form of digestion. Raikhel (1983) also observed this in 
Hvalomma asiaticum and suggested that the thin glycocalyx in 
ticks could be explained by the domination of intracellular 
digestion versus lumenal digestion, making a glycocalyx- 
absorptive complex less important. The thin glycocalyx may, 
however, have a minor role in the processes of absorption and 
parietal digestion within the tick gut.
In Amblvomma americanum. the cytoplasm within the villi 
contained a fine fibrous material that had a preferred 
orientation along the axis of the microvilli. The filamentous 
core probably aids in the transport of absorbed materials, as 
well as providing a cytoskeletal framework for each 
microvillus.
The lateral plasma membrane was the site of cell-cell 
contact and communication. In both argasids and ixodids, 
intercellular junctions appear to be rather simple without 
elaborate structural features. In Amblvomma americanum. the 
apical zonula adherens appeared to be devoid of a zonula
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occludens. This type of arrangement was observed in the 
ixodid, Dermacentor variabilis (Coons et al, 1986) and the 
argasid, Ornithodoros moubata (Grandjean, 1984).
Smooth septate or continuous junctions were found at the 
lateral borders of Amblvomma americanum gut epithelial cells. 
In this study, the ingested blood meal acted like an in vivo 
tracer due to its electron density, and demonstrated the 
presence of cross-striations at regular intervals within the 
septate junctions. Insect midguts have been shown to have 
continuous junctions (Dallai, 1976), which may or may not have 
cross-striations. Lanthanum tracer infiltration studies have 
demonstrated definite septa in some insects (Lane, 1982).
The function of these septate junctions in ticks is not 
completely known. Septate junctions appear to act as an 
occluding junction preventing the passage of blood meal 
components into the hemocoel, which is consistent with one 
function of these junctions in insects (Lane, 1982). This 
isolation is not complete in ticks, since larger molecules 
such as antibodies from the blood meal are known to cross the 
gut epithelium into the hemocoel (Ackerman et al, 1981; 
Brossard and Rais, 1984; Fujisaki et al, 1984; Ben-Yakir et 
al, 1986). Other physiological functions for the continuous 
junction in insect tissues include adhesive roles which are 
involved in maintaining coherence and integrity in the tissues 
in which they are found (Lane, 1982). Because of the large 
blood meal ingested by engorging female Amblvomma americanum
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ticks and the tremendous stretching of the gut to accommodate 
this blood meal, maintaining the coherence and integrity of 
the gut tissue may be another function of these junctions 
within the epithelium. Septate junctions also have been 
implicated in cell renewal since they usually are found in 
tissues that are undergoing cell turnover (Lane, 1982). 
Again, this may be important in feeding female Amblvomma 
americanum ticks due to the extensive remodelling of the gut 
epithelium which occurs during engorgement.
In feeding female Amblvomma americanum ticks, the 
development of basal infoldings occurs shortly after 
attachment, with the basal infoldings becoming more developed 
during engorgement. Lentz (1971) reported that basal 
infoldings are commonly found in cells engaged in the active 
transport of fluids and ions. Evidence for the involvement of 
Amblvomma americanum midgut epithelial cells in water and ion 
transport and the subsequent concentration of the blood meal, 
is suggested by the development of numerous basal infoldings 
by the gut epithelial cells. It has been well established 
that an important initial step in blood digestion in ticks is 
the concentration of the blood meal by the elimination of 
excess water and ions (Kaufman and Sauer, 1982) . Kaufman and 
Phillips (1973) reported that excess water and ions are 
transported through the gut epithelium and eliminated by the 
salivary glands which transport the water and ions into the 
vertebrate host via the saliva. Salivary glands are known to
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be able to secrete water and ions only after the onset of 
feeding and they presumably lose this ability shortly after 
detachment (Kaufman, 1976). Concentration of the blood meal 
would allow the gut lumen to hold the largest possible blood 
meal.
Amblvomma americanum gut epithelial cells rested on a 
basal lamina. The basal lamina is a specialized extracellular 
matrix structure found at the junction between epithelial 
cells and the underlying connective tissue stroma (Lentz, 
1971). Cells are attached to the extracellular matrix by 
specific constituents of the plasma membrane (Holtzman and 
Norvikoff, 1984). Structures resembling hemidesmosomes were 
found at the base of the infoldings of the different gut 
epithelial cells of Amblvomma americanum. These structures 
interact with the various components composing the basal 
lamina.
The basal lamina became very stretched during Amblvomma 
americanum engorgement, and consequently its thickness 
diminished from 620 nm in the unfed tick, to 330 nm in the 
replete tick. This was observed in other tick species. In 
engorged Dermacentor maroinatus. the thickness of the basal 
lamina ranged from 200 nm in the unfed tick to 50 nm in the 
engorged female (Belozerov and Tymopheev, 1971) . Grandjean 
(1984) observed a 300 nm thick basal lamina in the engorged 
female Ornithodoros moubata tick versus a 500 nm thick basal
lamina in the unfed tick. The differences in basal lamina
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thickness between the ixodid and argasid ticks may be due to 
the fact that ixodids generally ingest larger blood meals than 
argasids (Grandjean, 1984).
Cellular Organelles
Specialized function often is reflected by the presence 
of a specific complement of organelles within a cell (Holtzman 
and Norvikoff, 1984). Both the abundance and morphology of 
these organelles can vary considerably between different cell 
types. The regulation of cell function frequently involves 
the induction, repression, or activation of groups of enzymes 
(Holtzman and Norvikoff, 1984). When these enzymes are 
components of a particular organelle, the relative abundance 
or morphology of this organelle can change.
In Amblvomma americanum. large numbers of elongated 
mitochondria fill the basal cell infoldings. The major 
function of mitochondria is to provide chemical energy 
necessary for biosynthetic and motor activities of a cell 
(Holtzman and Norvikoff, 1984). The close association of 
these mitochondria with the large membrane surface provided by 
the basal infoldings may be interpreted as an approximation of 
an energy source with a membrane engaged in active transport 
of ions. This active transport of ions would be important in 
the concentration of the ingested blood meal by female 
Amblvomma americanum.
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Each Amblvomma americanum gut epithelial cell possessed 
a single nucleus. These nuclei were highly euchromatic during 
all stages of engorgement, and contained from zero to three 
nucleoli. The gut epithelial cell nuclei varied in size among 
the different cell types, and during the different stages of 
engorgement. Kamel and co-workers (1990) reported that the 
size of a nucleus generally depended on the amount of 
heterochromatin present, as well as upon the transcriptional 
activity of its euchromatic component.
Several nuclear pores were distributed randomly along the 
nuclear envelope of Amblvomma americanum nuclei. Since 
nuclear pores are thought to have a major role in 
nucleocytoplasmic exchanges, this would indicate high 
transcriptional activity occurring within the nuclei. 
Nuclear pores are found to increase in size and number in 
conditions requiring increased RNA synthesis or heightened 
metabolic activity (Schel et al, 1978).
Nuclei of Amblvomma americanum gut epithelial cells 
contained from zero to three nucleoli, depending on the state 
of differentiation. Kamel and colleagues (1990) reported that 
metabolically active and proliferating cells have more 
numerous and prominent nucleoli than metabolically inactive or 
nonproliferating cells. The function of the nucleolus is to 
produce RNA and pass it on to the cytoplasm. Therefore, the 
gut epithelial cells of engorging female Amblvomma americanum 
appeared to be very metabolically active as suggested by the
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number and size of the nuclear pores and nucleoli associated 
with the nuclei.
In the gut epithelium of female Amblvomma americanum. the 
number of free ribosomes was greatest in the digestive and 
replacement cells, whereas the secretory cells contained large 
amounts of rough endoplasmic reticulum. Ribosomes are 
complexes of ribonucleic acid and protein, which form the 
catalytic site for the translation of mRNA into a peptide 
chain (Holtzman and Norvikoff, 1984). The presence of free 
ribosomes in the digestive and replacement cells indicates 
that protein synthesis is occurring in the cytosol and that 
the proteins are being utilized by the cells. In secretory 
cells, the majority of ribosomes are bound to the endoplasmic 
reticulum. Proteins to be secreted or transported to other 
organelles are generally synthesized by ribosomes bound to 
endoplasmic reticulum.
During stage I and stage II of digestion, the rough 
endoplasmic reticulum became more developed and organized 
within the different cell types of Amblvomma americanum. 
especially the secretory cell. Grandjean (1984) reported that 
the organization of the rough endoplasmic reticulum began only 
after completion of the blood meal in the argasid, 
Ornithodorus moubata. The difference in development and 
organization of the rough endoplasmic reticulum between soft 
ticks and hard ticks may be due to the fact that ixodids have 
a prolonged feeding time on the host (Grandjean, 1984).
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Secondary lysosomes were prevalent in the digestive cells 
of engorging female Amblyomma americanum ticks. Raikhel 
(1975) reported that secondary lysosomes were produced as a 
result of fusion of primary lysosomes with heterophagosomes 
that appear during endocytosis. Using an ultracytochemical 
method for detection of acid phosphatase, he determined that 
the enzyme was synthesized in the rough endoplasmic reticulum 
cisternae and eventually concentrated in the Golgi complex.
During engorgement, structures resembling autophagic 
vacuoles were observed within the gut epithelial cells of 
female Amblvomma americanum. Morphologically, autophagy is 
manifested by the demonstration of a membrane-bound vacuole 
containing cytoplasmic constituents such as mitochondria or 
endoplasmic reticulum. The term autophagy was proposed by 
deDuve (1969) for the process of sequestering intracellular 
components, leading to their subsequent degradation by 
lysosomes.
In Amblvomma americanum. the limiting membrane of a 
nascent autophagosome appears to originate from preformed 
cytoplasmic membranes, such as endoplasmic reticulum or Golgi 
complex membranes. After the autophagic vacuoles are formed, 
the sequestered contents began to show evidence of 
degradation. Whether a autophagical vacuole represents a 
lysosome can only be determined by the demonstration of 
lysosomal enzymes (usually acid phosphatase) within it. Lack
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of demonstrable enzyme in the vacuole would indicate that the 
structure is an autophagosome only.
Formation of heterophagosomes presumably initiates the 
synthesis of proteases. Proteases are synthesized within the 
rough endoplasmic reticulum of the tick midgut cell and pass 
through to the Golgi complexes (Raikhel, 1975). They form two 
types of primary lysosomes: smaller and larger vesicles as 
reported by Raikhel (1975). There is evidence in mammalian 
cells of a possible delayed fusion of the primary lysosome 
with the heterophagosome (de Duve and Wattiaux, 1966). Such 
delayed fusions could play a role in the ability of ixodids to 
store hemoglobin intracellularly for several days, up to the 
actual digestion.
A number of unique cytoplasmic inclusions were found 
within the gut epithelial cells of feeding female Amblvomma 
americanum. Inclusions resembling type 2 inclusions have been 
described in intestinal cells of some Arachnida and Insecta 
and are thought to have an excretory role by accumulating 
unnecessary inorganic elements (Martoja and Ballen-Dufrancais,
1982) . Raikhel (1979) suggested that the ribosomes on the 
membranes surrounding both type 1 and type 2 inclusions 
demonstrated a possible involvement of rough endoplasmic 
reticulum in their origin.
Martoja and Ballen-Dufrancais (1982) also reported the 
presence of intracytoplasmic mineral concretions in the midgut 
epithelial cells of insects. These intracytoplasmic mineral
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concretions resembled spherocrystals with numerous concentric 
layers. Spherocrystals originate in cisternae of the rough 
endoplasmic reticulum, and are formed by the binding of 
mineral salts on polyanionic stroma (Martoja and Ballen- 
Dufrancais, 1982). A precipitation, resulting in the 
formation of more or less thick concentric strata, takes place 
while the rough endoplasmic reticulum enlarges and loses its 
ribosomes (Jeantet, 1971). The spherocrystals are composed of 
a complicated collection of metals (Ca, Mg, K, Mn, Fe, Zn, and 
Sr) in the form of phosphates, carbonates, or even chlorides, 
and the chemical complexity depends on the species.
The biological accumulations of minerals in the 
spherocrystals could be an important mechanism for regulating 
the composition of the internal environment (Jeantet et al, 
1977) . When unusual cations like Cd and Pb were ingested in 
the food, they accumulated in the spherocrystals. The midgut 
of ticks may therefore act like a partial intestinal barrier 
by picking up toxic cations from the food, and preventing 
these toxic cations from entering the hemolymph (Jeantet et 
al, 1977).
On route to lysosomes, internalized blood meal components 
pass through a functionally, if not structurally, distinct 
compartment referred to as an endosome. Endosomes were 
prevalent in late stage II and stage III digestive cells of 
female Amblvomma americanum.
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Endosomes have an important role in blood meal digestion 
in feeding female ticks. The known functions of endosomes 
include the dissociation of receptor-ligand complexes; the 
targeting of receptors back to the cell surface (or some other 
organelle); the targeting of dissociated ligands to lysosomes; 
and the discharge of iron from internalized transferrin 
(Helenius et al, 1983).
Cell Types
All cell types within the gut epithelium of Amblvomma 
americanum appear to arise from a common cell, the stem cell. 
Tarnowski and Coons (1989) proposed that a stem cell present 
in the midgut epithelium of unfed Dermacentor variabilis was 
also the progenitor of the epithelial cells found in the 
midguts of mated feeding females. Agbede and Kemp (1985) 
reported the presence of a stem cell in Boophilus microplus. 
Stem cells are the same cell type as the reserve cells 
reported in Hvalomma asiaticum by Balashov (1972) and Raikhel 
(1983) .
Other cell types, namely absorptive cells, phagocytic 
cells and secretory cells have been reported as distinct cell 
types involved in blood meal digestion in several species of 
ixodid ticks (Hughes, 1954; Saito, 1960; Till, 1961; Chinery, 
1964; Belezerov and Tymopheev, 1971; Balashov, 1972; Raikhel,
1983). Ultrastructural observations did not reveal the 
presence of any absorptive or phagocytic cells, other then
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digestive cells, within the midgut epithelium of female 
Amblvomma americanum ticks. These digestive cells were 
capable of ingesting the blood meal, as well as, basophils, 
eosinophils, and their respective granules. Tarnowski and 
Coons (1989) observed only one type of cell actively involved 
in the uptake and digestion of the blood meal and also named 
it the digestive cell. Agbede and Kemp (1985) also described 
a digestive cell in the one host tick, Boophilus microplus.
Only one type of secretory cell was observed in the gut 
epithelium of Amblvomma americanum. These cells were 
characterized by several mitochondria, organized arrays of 
rough endoplasmic reticulum, apically located spherical 
droplets, and large nuclei with prominent nucleoli. The 
location of the spherical droplets at the apical surface of 
these cells, would indicate that these cells secrete into the 
gut lumen, however no secretory granules were observed within 
the gut lumen. The presence of two types of secretory cells 
was also described by Agbede and Kemp (1985) for the ixodid, 
Boophilus microplus.
No vitellogenic cells were observed within the gut 
epithelium of engorging female Amblvomma americanum. The 
vitellogenic cell is another type of secretory cell that 
possesses an ultrastructure typical of a cell that packages 
proteins for secretion. The absence of vitellogenic cells 
within the gut epithelium may be due to the time of sampling.
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No tissue samples were obtained during the preoviposition 
period which may be when these cells appear in the epithelium.
Visceral muscle cells surrounded the gut epithelium of 
Amblvomma americanum ticks. Raikhel (1983) reported that 
visceral muscles invest the gut, excretory system, and other 
internal organs of the tick. In the visceral muscle cells, 
the actin and myosin filaments occupied much of the cell 
volume and extended with little interruption throughout the 
cytoplasm.
Blood Meal Uptake
The blood meal composition of ixodid ticks differs from 
that of other bloodsucking arthropods. While lytic saliva is 
being injected into the bite site, the host develops an anti­
tick response resulting in intense tissue histolysis, 
leukocytic infiltration, and extensive edema (Balashov, 1972). 
During the first few days of feeding, these activities cause 
lymph, leukocytes, tissue fragments, and varying amounts of 
blood to enter the tick gut. Only toward the end of feeding, 
during the delayed or reduced digestion phase does whole blood 
become the main component of the meal.
Uptake of the blood meal occurs at the apical plasma 
membrane via the process of endocytosis. Endocytosis is a 
basic cellular function whereby cells internalize 
extracellular molecules via vesicular mechanisms (Rodman, 
Mercer, and Stahl, 1990) . In the gut epithelium of female
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Amblvomma americanum. two types of endocytosis were observed 
namely phagocytosis and pinocytosis. The process of 
phagocytosis was indicated by the presence of basophils, 
eosinophils, and their respective granules within phagosomes 
of the digestive cells. Cellular components of the blood meal 
were reportedly taken up via phagocytosis in Hvalomma 
asiaticum (Raikhel, 1983) and Ornithodoros moubata (Grandjean,
1984). Raikhel (1974) demonstrated phagocytosis of blood 
cells and their fragments by folds of the digestive cell 
surface. Tarnowski and Coons (1989) did not observe any 
cellular components in the blood meal of Dermacentor 
variabilis. nor did they observe the occurrence of 
phagocytosis.
Numerous coated pits and vesicles were observed along the 
apical surface of the digestive cells of Amblvomma americanum. 
Blood meal uptake via receptor-mediated endocytosis occurs in 
both the Ixodidae and the Argasidae (Raikhel, 1983; Grandjean, 
1984) . After binding to specific receptors on the plasma 
membrane, ligand-receptor complexes cluster in clathrin-coated 
pits that subsequently invaginate, pinch off the membrane and 
form coated vesicles. These clathrin-coated vesicles appear 
to rapidly lose their coat (within 15-60 seconds after their 
formation) and the resulting uncoated vesicles deliver their 
contents to early endosomes.
Tubular elements were present during blood meal uptake in 
Amblvomma americanum gut epithelial cells. The significance
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and function of tubular elements is not understood. Tubular 
elements were seen in longitudinal and cross-sections only at 
the time of blood meal uptake. Raikhel (1979) reported the 
presence of tubular elements in Type II digestive cells of 
feeding Hvalomma asiaticum (Raikhel, 1979). He called these 
structures tubular invaginations, and suggested they contained 
hemoglobin, based on the density of the tubular content. The 
tubules were found to terminate in round widenings which were 
filled with dense material. These widenings accumulated 
hemoglobin and were thought to be forming heterophagosomes.
Tubular elements are now thought to be involved in blood 
meal uptake and membrane recycling. Electron dense tubular 
elements would contain blood meal components, while the 
electron lucent tubular elements would be involved in membrane 
recycling. Geuze and coworkers (1984; 1987) reported that 
internalized receptor-ligand complexes were first delivered to 
electron-lucent vesicles and tubules near the periphery of a 
cell. They suggested that receptor recycling occurred from 
the tubular extensions or elements.
Throughout the feeding period in Amblvomma americanum. 
blood cells in the blood meal were changed from their original 
form into a homogenous proteinaceous mixture. Koh and 
coworkers (1991) also reported a homogenous blood meal within 
engorging Haemaphvsalis lonaicornis. Koh and coworkers (1991) 
suggested that the complete destruction of blood cells was not 
due to digestion in the midgut lumen, but to the possible
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lysis of the blood cells at the attachment site. This lysis 
could be attributed to the presence of weakly hydrolytic 
enzymes secreted by the salivary gland of the tick. This 
destruction of blood cells differed from a few previously 
examined ixodids whose blood meal contained intact blood cells 
(Raikhel, 1983; Walker and Fletcher, 1987).
Blood Meal Digestion
Digestion in ticks occurs intracellularly, slowly, and at 
an acid pH (Akov, 1982) and thus differs from other 
hematophagous arthropods. After an ingested blood meal, gut 
epithelial cell digestive activity is initiated, as indicated 
by stimulation of protease synthesis, both in ixodids (Bogin 
and Hadani, 1973) and argasids (Tatchell, 1964). At the 
ultrastructural level, blood meal digestion in female 
Amblvomma americanum ticks resembled that of other ixodids.
Several investigators have suggested that an essential 
part of adult digestion is the budding of digestive cells into 
the lumen where they gain access to unabsorbed blood (Lees, 
1952; Hughes, 1954; Till, 1961; Balashov, 1972). However, 
Tatchell (1964), working with Argas persicus. states that no 
budding occurs during digestion and this was confirmed in 
Argas arboreus by Guirgis (1971). It is difficult to 
establish without complete serial sections whether digestive 
cells in Amblvomma americanum were actually detaching into the 
lumen or if their cells maintained narrow connections to the
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basal lamina. During the early days of engorgement, spent 
digestive cells or membrane enclosed areas of cytoplasm 
containing large numbers of hematin granules appeared to float 
within the gut lumen. Later on, these structures were not 
observed in the lumen. Since the apical areas of digestive 
cell clusters extended great distances into the gut lumen and 
these clusters had irregular outlines, it becomes possible to 
envision how a thin section of gut tissue demonstrating cells 
floating within the gut lumen may be showing only a portion of 
the cell or cell cluster.
The protein part of the guinea pig hemoglobin appears to 
be digested within the secondary lysosome, with the resulting 
amino acids or peptides being presumably taken up across the 
lysosomal membrane into the cytoplasm. Residues of the heme 
group are stored as hematin granules within the cell. In 
Amblvomma americanum. hematin granules were generally located 
in the center or apical area of protruding midgut cells. 
These granules were occasionally found within late secondary 
lysosomes.
Blood meal digestion is much slower in ticks than in 
insects (Gooding, 1972), possibly due to the intracellular 
mechanism of digestion. One advantage to this form of 
digestion is that the necessary enzymes (hydrolases) produced 
in the GERL-system could be utilized according to the actual 
needs within the midgut cell itself, instead of being released 
all at once into the lumen.
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Cells in the gut epithelium of unfed female Amblvomma 
americanum ticks contained a collection of nymphal feeding 
remnants, such as residual bodies, endosomes, siderosomes, 
lipid droplets and glycogen rosettes. As the length of time 
from the nymphal molt increased, the number of storage 
inclusions decreased. This would indicate that these 
nutrients were being utilized for tick survival.
In this study, stage I and stage II could be associated 
with the first continuous phase of digestion initially 
described by Coons, Rosell-Davis, and Tarnowski (1986). The 
first continuous phase of digestion appears to be related to 
the development of the different cell types within the gut 
epithelium, mobilization of nutrients for cuticle synthesis 
during body expansion, and development of internal organs 
(Coons, Rosell-Davis, and Tarnowski, 1986). The phase ends 
with the remodeling of the gut epithelium just prior to rapid 
engorgement.
The first continuous phase of digestion correlates with 
the two biological and biochemical feeding phases reported by 
Araman (1979) and Akov (1982), namely the preparatory phase 
and growth phase. In the preparatory stage, the midgut 
epithelium develops. During the growth phase, mobilized 
nutrients are utilized for cuticle development and organ 
growth.
In this study, late stage II and stage III could be 
associated with the reduced phase of digestion. The reduced
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phase of digestion is unique to mated females and occurs 
during rapid engorgement (Coons, Rosell-Davis, and Tarnowski, 
1986). This phase correlates with the feeding phase of 
expansion described by Araman (1979)• Delayed digestion is 
shown morphologically by the filling of active digestive cells 
with large endosomes, no fusion of endosomes and lysosomes, 
and by the absence of residual bodies (Coons, Rosell-Davis, 
and Tarnowski, 1986) . Rapid engorgement occurs in the 24-48 
hour period prior to detachment. The digestive cells now 
become filled with endosomes containing hemoglobin from the 
blood meal.
Following detachment, digestion is renewed as a second 
continuous phase of digestion (Coons, Rosell-Davis, and 
Tarnowski, 1986). The second continuous phase of digestion 
was not examined in this study. This renewed phase of 
digestion is correlated with vitellogenesis and oviposition.
Ticks Fed on Guinea Pigs Expressing Tick Resistance
Host reaction to tick feeding is complex, being dependent 
upon the species of tick and host, duration of attachment, and 
immune status of the host. In naive guinea pigs, neutrophils 
were the primary infiltrating cell type at larval, nymphal, 
and adult Amblvomma americanum feeding sites, with 
erythrocytes and eosinophils appearing in greater numbers as 
feeding progressed (Brown and Knapp, 1980; 1981).
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In guinea pigs expressing tick resistance, the feeding 
sites displayed a dermal infiltrate dominated by basophils, 
larger numbers of eosinophils, and relatively few neutrophils 
(Brown and Knapp, 1981; Brown, 1982). Large infiltrates of 
basophils have been described at tick attachment sites on 
guinea pigs resistant to the following ixodid ticks: 
Dermacentor andersoni (Allen, 1973), Ixodes holocvclus (Brown 
et al, 1984) , Amblvomma americanum (Brown, 1982) , 
Rhipiceohalus sanguineus (Brown and Askenase, 1981), and 
Rhipicephalus appendiculatus (McLaren et al, 1983).
Tick rejection coincides with the arrival and 
degranulation of basophils, and the level of resistance can be 
correlated with the intensity of the cutaneous basophil 
hypersensitivity response (Allen, 1973). Cutaneous basophil 
hypersensitivity reactions are erythematous, delayed skin 
reactions characterized by accumulations of blood-borne 
basophils in response to local antigen-specific challenge 
(Haynes et al, 1978). The accumulation of basophils resulting 
from repeated tick infestations appears to be dependent upon 
T-lymphocytes (Wikel and Allen, 1976), antibodies (Askenase, 
1977), and complement (Wikel, 1979).
Large numbers of basophils and their respective granules 
were observed within the gut lumen and cytoplasms of digestive 
cells in Amblvomma americanum fed on hosts expressing tick 
resistance. Basophil ultrastructure varies with the host
species, with mature guinea pig basophils possessing segmented
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nuclei with heavily condensed chromatin and cytoplasms 
containing several large oval granules (Dvorak et al, 1981; 
1982; Galli et al, 1984). These granules demonstrated a 
characteristic, regular crystalline array.
Within the gut lumen of Amblvomma americanum ticks fed on 
resistant hosts, large numbers of basophils with degranulation 
sacs containing numerous basophil granules were observed. 
Guinea pig basophils undergoing anaphylactic release of 
mediators demonstrate degranulation sacs containing numerous 
membrane free granules (Dvorak et al, 1981; 1982). Using the 
technique of electron microscopy, Dvorak and colleagues (1981) 
divided the process of basophil degranulation into overlapping 
phases. The first phase involved the fusion of cytoplasmic 
granule membranes to form degranulation sacs. These 
degranulation sacs eventually communicated with the 
extracellular space by a narrow pore (Galli et al, 1984). The 
second phase involved the resolution of the newly formed 
degranulation sacs with granule matrix extrusion (Galli et al, 
1984).
Typical guinea pig eosinophils were observed within the 
gut lumen of Amblyomma americanum. In some instances, the 
eosinophil granules seemed to have a reverse staining 
tendency. McLaren and co-workers (1983) described the 
presence of eosinophil granules in which the matrix was 
uncharacteristically more dense than the crystalloid. They
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attributed the reverse granule characteristic to a preliminary 
stage of degranulation versus a fixation artifact.
Mediators from infiltrating basophils and eosinophils 
have been reported to be involved in tick resistance (Brown, 
1988) . Interaction of these mediators in the gut lumen with 
enzymes present in the digestive tract could result in 
structural changes, altered function, or inactivation of 
processes that are necessary for normal tick development. 
Major basic protein, peroxidase, histamine, and other 
mediators released by leukocyte granules ingested by 
epithelial cells could damage cytoplasmic organelles, enzymes, 
and plasma membranes, leading to disruption of cellular 
function, and possibly cell death. Ingestion of these 
mediators may also induce smooth muscle contractions, 
increasing peristalsis, thus impairing digestion.
Chiera and coworkers (1985) reported a cumulative effect 
of harm done by resistant hosts from one instar to the next 
instar in Rhipicephalus appendiculatus. The resistance 
effects on the gut epithelium may be only one component 
occurring toward the end of a sequence of events in the 
feeding lesion. Ticks which survive earlier avoidance 
activities, grooming, intra-epidermal postulation, and 
congestion of the feeding site by pus and fibrin, may have 
their viability reduced by a specific effect on the gut. A 
very strong expression of resistance at early stages of a 
potential infestation could prevent attachment and feeding
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before any effect on the gut epithelium was possible (Chiera 
et al, 1985).
Gut Epithelium
Engorging female Amblvomma americanum ticks fed on guinea 
pigs expressing tick resistance did initially have enough 
replacement cells present to differentiate into digestive and 
secretory cells. However, any pathological effects from host 
effector elements on the digestive and secretory cells could 
result in their loss. This constant drain on the replacement 
cell population may result in their reduced number and 
compound the inability of the gut to enlarge during feeding 
due to the overall reduction in epithelial cell number. The 
resulting loss of gut epithelial cells prevents the gut from 
accommodating a blood meal as large in size as that 
characteristic of ticks fed on naive hosts.
Ticks demonstrating reduced viability often had damaged 
gut epithelial cells, as revealed by distorted mitochondria, 
ruptured cell membranes, and necrotic nuclei. Margination of 
the chromatin, leading to the pavementing of dense chromatin 
alongside the inner membrane, is a morphological phenomenon 
observed to a variable extent in irreversibly damaged or dying 
cells (Kamel, Kirk, and Toner, 1990). It is thought to 
represent a final stage prior to cell death and pyknosis. 
Peripheral margination and clumping of the chromatin are 
hallmarks of dying and dead cells.
163
Summary and Conclusions
In summary, the gut epithelium of engorging female 
Amblvomma americanum was composed of six cell types, namely 
stem cells, replacement cells, developing digestive cells, 
active digestive cells, spent digestive cells, and secretory 
cells. Replacement cells appear to arise from the stem cells, 
while the other cell types originate from the replacement cell 
mounds. The different types of digestive cells are basically 
the same cell type at different stages of development.
This study demonstrated the presence of basophils, 
eosinophils and their respective granules in the gut lumenal 
contents of ticks fed on hosts acquiring and expressing tick 
resistance. Large numbers of host effector elements were 
present in the lumenal contents of ticks fed on hosts 
expressing tick resistance. Gut epithelial cell damage ranged 
from minor to severe. Digestive cells were able to ingest 
intact basophils, eosinophils and their respective granules, 
and in some instances, the death in situ of ticks could be 
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Figure 1. Midgut of unfed adult female Amblvomma americanum. 
The midgut of unfed adult female Amblvomma americanum appeared 
as a maze of large grayish-black, irregularly shaped tubular 
structures that covered the internal organs dorsally. The 
midgut was subdivided into a stomach (S) and paired tubular 




Figure 2. Stages of engorgement, cuticle coloration, and gut 
morphology of feeding adult female ticks. Stage I female 
ticks possessed dark brown cuticles with gut diverticulae that 
resembled unfed tick gut. Stage II female ticks were 
characterized by creamy gray cuticles and enlarging gut 
diverticulae. Stage III ticks had blue gray cuticles with gut 




Figure 3. Amblyomma americanum gut epithelial cells. 
Amblvomma americanum gut epithelial cells possessed an apical- 
basal cellular polarity. The apical plasma membrane 
interacted with the gut lumen, while the basolateral plasma 
membrane rested on an extracellular basal lamina and formed 
specialized junctions with adjacent epithelial cells. Note 
the replacement cells (RC), developing digestive cells (DD), 
active digestive cells (AD), and visceral muscle cell (MC). 
Tissue section obtained from a primary infestation, stage II 
female tick. (x 2330).
Figure 4. Microvilli located on the lumenal surface of tick 
gut epithelial cells. Microvilli (MV) were characteristically 
found on the epithelial cell surface exposed to the gut lumen 
(L). Numerous membrane invaginations (arrows) were found at 
the bases of these digestive cell microvilli. Tissue section 
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Figure 5. Glycocalyx of epithelial cell microvilli. 
Microvilli were covered by a thin glycocalyx. Filaments 
formed a central core within each microvillus. Microvilli 
greatly increased the surface area of these cells, thus 
facilitating their absorption of bloodmeal components. Tissue 
section obtained from a primary infestation, stage I female 
tick. (x 40,580).
Figure 6. Spirochetes within the gut lumen. Spirochetes were 
frequently observed within the gut lumen (L). These organisms 
were generally found in groups and were associated with the 
apical microvilli. Note the zonula adherens (between 
arrowheads) and septate junction (arrow). Tissue section 
obtained from a primary infestation, stage I female tick.
(x 20,000).
Figure 7. Subapical junctions connecting neighboring 
epithelial cells. Epithelial cells were connected to 
neighboring cells via subapical junctions. Note the two sets 
of subapical junctions, the zonula adherens (arrowhead) and 
septate junction (arrow). Lumen (L) . Tissue section obtained 




Figure 8. Zonula adherens junction. Photomicrograph of a 
zonula adherens junction. Note the dense mat of fibers 
adjacent to the cytoplasmic side of the junction (arrows). 
Little visible material was observed within the intercellular 
space. (x 30,000).
Figure 9. Septate junction. Photomicrograph of a septate 
junction. Note the ladderlike bridges between the adjacent 
cells (arrow). These junctions extended varying distances 
along the lateral plasma membranes of the adjacent gut 
epithelial cells. (x 75,000).
Figure 10. Epithelial cell basal domain. The epithelial cell 
basal domain contained numerous infoldings of the basal plasma 
membrane. The basal lamina (BL) appeared as a thin amorphous 
sheet that followed closely the basal contour of the 
epithelial cells. Note the electron dense thickenings at the 
base of each infolding. Tissue obtained from a primary 
infestation, stage II female tick. (x 11,150).
Figure 11. Nucleus of a basally located replacement cell. 
Heterochromatin (HU) was present around the periphery of the 
nucleus and in patches throughout the nucleoplasm. Euchromatin 
(EU) was represented by the electron-lucent areas. Note the 
nuclear envelope, nuclear pore areas (arrow), the nucleolus 
(NU) and how the rough endoplasmic reticulum (RER) encircles 
the nucleus. Hemacoel (X). Tissue section obtained from a 




Figure 12. Enlarged section of a nucleus. Heterochromatin was 
located along the nuclear envelope, leaving the nuclear pore 
areas free of condensed chromatin. In metabolically active 
cells, annulate lamellae were often observed in the nuclear 
pore areas. Note the membrane free nucleolus (NU), 
perinuclear space and the nuclear pore areas. Tissue section 
obtained from a primary infestation, stage II female tick.
(x 26,000).
Figure 13. Mitochondria exhibiting typical orthrodox 
ultrastructure. Note the smooth-contoured outer membrane, and 
incomplete transverse cristae within the matrix compartment. 
In this photograph, there is one mitochondrion undergoing 
degeneration as indicated by its swollen appearance. 
Mitochondria (M) , Nucleus (N) , Rough endoplasmic reticulum 
(RER). Tissue section obtained from a primary infestation, 




Figure 14. Mitochondria demonstrating different morphologies. 
Mitochondria had a variety of shapes. Note the spherical, 
straight, curved, and dumb-bell shaped mitochondria. Inset: 
Two mitochondria completing the process of division. Note the 
matrix granules (tip of arrow) within the matrix compartment. 
Tissue section obtained from a primary infestation, stage II 
female tick. (x 15,430 and x 17,330, respectively).
Figure 15. Rough endoplasmic reticulum. Organized arrays of 
rough endoplasmic reticulum (RER) in the cytoplasm of a 
secretory cell. Secretory cells possessed large amounts of 
rough endoplasmic reticulum that formed parallel arrays within 
the cytoplasm. The lumens of the rough endoplasmic reticulum 
were filled with a proteinaceous material. Note the numerous 
ribosomes attached to the endoplasmic reticulum (arrow). 
Nucleus (N) , Mitochondria (M) . Tissue section obtained primary 




Figure 16. Golgi complex. The Golgi complex consisted of a 
series of stacked membranes with several vesicles and tubules 
extending from the membrane stacks. Note the dense staining 
structures budding from the cisternae. Mitochondria (M).
(x 20,000).
Figure 17. Primary lysosome. Primary lysosomes generally 
possessed dense matrices surrounded by a single membrane, and 
were often located near Golgi complexes. (x 15,600).
Figure 18a. An autophagic vacuole containing degenerating 
mitochondria. This autophagic vacuole has enclosed two 
mitochondria and what appear to be primary lysosomes.
(x 22,150).
Figure 18b. Lipid droplets within an autophagic vacuole. 
Note how the autophagic vacuole appears to be segregating 
material to be degraded. (x 27,500).
Figure 18c. An autophagic vacuole in the cytoplasm of an 
epithelial cell. This particular autophagic vacuole was 





Figure 19a. A spheroid inclusion or type 1 inclusion. A type 
1 inclusion containing a granular material surrounded by a 
single membrane. Located beneath the enclosing membrane is an 
electron dense rim of material. Note the ribosomes attached 
to the cytoplasmic side of the membrane. (x 22,400).
Figure 19b. Type 1 inclusion or spheroid inclusion. Spheroid 
inclusions containing a fine granular material. Located 
beneath the surrounding membrane was a thin layer of 
flocculent material. (x 35,560).
Figure 19c. A large spheroid inclusion or type 1 inclusion. 
Spheroid inclusions varied greatly in size. This is a large 
type 1 inclusion located near a nucleus. (x 15,470).
Figure 20. Lamellated inclusions or type 2 inclusions. This 
particular gut epithelial cell possessed several type 2 
inclusions. Note the different layering characteristics and 




Figure 21a. Lamellated inclusion with fine granular material 
in layers. Note how the layers differ in electron density and 
granular appearance. (x 24,000).
PLATE X
Figure 21b. Lamellated inclusion with peripherally located 
electron dense rim. Note the virtual absence of layers 
beneath the electron dense rim. (x 14,670).
Figure 21c. Lamellated inclusion with centrally located 
electron dense rim. In this inclusion, the layering of the 
granular material was still present. The electron dense rims 
were centrally located. (x 30,000).
Figure 2Id. Lamellated inclusion with electron dense rims 
dispersed throughout the structure. These particular 
lamellated inclusions have electron dense rims distributed 
throughout their structure. Note the granular material that 
was located within the enclosing membrane. (x 15,500).
Figure 22a. Type 3 inclusions. Two of these inclusions have 
the typical appearance of type 3 inclusions with electron 
dense rims and centrally located clear areas. (x 12,920).
Figure 22b. Structural variations of type 3 inclusions. Some 
type 3 inclusions possess large electron dense rims. This may 
be due to the angle of section through the inclusion. (x 
13,850).
Figure 22c. Type 3 inclusions demonstrating structural 
variations. Some type 3 inclusions possess large clear areas 
with thin electron dense rims. Note the cytoplasmic inclusion 
that resembled both a lamellated inclusion and a type 3 




Figure 23a. Heterophagical vacuoles containing hemoglobin. 
Heterophagical vacuoles containing hemoglobin in the cytoplasm 
of a tick gut epithelial cell. Note the difference in their 
size and mottled appearance. (x 4,500).
Figure 23b. Three heterophagical vacuoles containing 
hemoglobin. Note how the form of mottling varied between the 
individual heterophagical vacuoles containing hemoglobin.
(x 3,430).
Figure 24a. Large numbers of hematin granules within the 
cytoplasm of a spent digestive cell. As bloodmeal digestion 
proceeded, hematin granules accumulated within the digestive 
cell cytoplasm. Some hematin granules had electron dense 
cores with a less electron dense surrounding rim (arrow).
(x 5,000) .
Figure 24b. Electron dense hematin granules. Electron dense 
hematin granules located within the cytoplasm of a digestive 
cell. Hematin granules were electron dense structures, 
surrounded by a single membrane. These structures appeared to 
be the final degradation product of the ingested hemoglobin, 
(x 6,900) .
Figure 24c. Hematin granules. Hematin granules had a variety 






Figure 25a. Lamellated inclusions that resembled hematin 
granules. In some instances, type 2 inclusions resembled 
hematin granules that were missing their electron dense core 
(arrow). (x 13,330).
Figure 25b. Hematin granules that possess a series of layers. 
In some instances, a layering effect could be observed within 
the hematin granules (arrow), (x 9,330).
Figure 26. Membranous inclusions undergoing degradation. 
Several membranous inclusions were located within an enclosing 
membrane. These inclusions were resting within a matrix of 
fine granular material. The density of this granular material 





Figure 27a. Membranous inclusions. Membranous inclusions 
located within the cytoplasm of an epithelial cell. Large 
numbers of these membranous inclusions were observed in the 
epithelial cells of unfed ticks. (x 7,110).
Figure 27b. An individual membranous inclusion. An 
individual membranous inclusion located within the cytoplasm 
of an epithelial cell. This membranous inclusion contained 
several concentrically arranged membranes and was enclosed 
within a single surrounding membrane. Presently, it appeared 
not to be undergoing degradation within a lysosomal milieu, 
(x 15,270).
Figure 27c. Membranous inclusions undergoing degradation 
within secondary lysosomes. Each of these membranous 
inclusions appeared to be undergoing degradation within a 
secondary lysosome. Tote the lipid-like clear areas 
associated with the meml m e s  within the secondary lysosomes. 
(x 23,000) .
Figure 28. Glycogen rosettes. Glycogen rosettes located 
within the cytoplasm of a tick gut epithelial cell. Each 
glycogen alpha granule had a rosette morphology consisting of 
subunits called beta granules. Note the rosette morphology of 
the alpha granules and the individual beta granules within the 
cytoplasm. (x 24,000).
Figure 29. Lipid droplets. A cluster of small lipid droplets 
within the cytoplasm of an epithelial cell. Note the absence 
of a membrane separating the lipid droplet from the cellular 
cytoplasm. (x 14,000).
Figure 30. A phagosome containing hemoglobin. An electron 
dense phagosome or endosome containing endocytosed hemoglobin 
is demonstrated in this photomicrograph. These structures 
represented an intermediate compartment through which the 
content of pinocytic vesicles containing hemoglobin were 
transported to lysosomes. (x 13,500).




Figure 31. Stem cells. Stem cells (ST) were packed with 
lipid droplets and glycogen rosettes. In recently molted, 
unfed adult female ticks, basally located stem cells were 
packed with lipid droplets and glycogen rosettes. These cells 
rested on an unfolded basal lamina. Note the absence of basal 
infoldings. Hemacoel (X). (x 2,670).
Figure 32. Epithelial cell undergoing mitosis. Epithelial 
cells were observed undergoing mitosis in both unfed and 
engorging ticks. Note the chromosome (C) , mitotic spindle and 
centriole (arrow) within this stem cell. Numerous lipid 
droplets, mitochondria, and hematin granules were also 
present. Hemacoel (X) . Epithelium was from a recently 




Figure 33. Replacement cells within the gut epithelium. 
Replacement cells (RC) were bordered by digestive cells, other 
replacement cells, secretory cells, and the basal lamina. 
These cells formed mounds or clusters as feeding progressed. 
Tissue section obtained from a primary infestation, stage II 
female tick. Stained with toluidine blue-safranin-basic 
fuchsin. (x 4800).
Figure 34. Replacement cell basal infoldings. Numerous basal 
.infoldings or processes were observed in the replacement 
cells. These basal infoldings increased in number as feeding 
progressed. Note the rough endoplasmic reticulum (RER), lipid 
droplets (LD), and mitochondria (M). Basal lamina (BL), 
Nucleus (N) , Hemacoel (X) . Tissue section obtained from a 
primary infestation, stage II female tick. (x 5,140).
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Figure 35. Developing digestive cells within the gut 
epithelium. Developing digestive cells were located on the 
outside of replacement cell mounds and active digestive cell 
clusters. These cells had a staining intensity somewhere 
between that of the active digestive cells and the replacement 
cells. Tissue section obtained from a quaternary infestation, 
stage II female tick. Stained with toluidine blue-safranin- 
auramine. (x 4800).
Figure 36. Ultrastructural features of developing digestive 
cells. Developing digestive cells (DD) were characterized by 
scattered microvilli, numerous pinocytotic invaginations, and 
only a few endosomes or residual bodies within their 
cytoplasms. Lumen (L) . Tissue section obtained from a 




Figure 37. Active digestive cells. Numerous microvilli were 
located on the apical-lateral surface of active digestive 
cells (AD). Note the lipid droplets and hematin granules 
within the cytoplasm of the digestive cell. Tissue section 
obtained from a primary infestation, stage II female tick. 
Stained with toluidine blue-safranin-auramine. (x 6000) .
Figure 38. Ultrastructural features of active digestive 
cells. These cells were actively involved in the uptake and 
digestion of the bloodmeal. Note the endosomes (E), Golgi 
complexes (G), and nucleus (N). Tissue section obtained from 




Figure 39. Nuclei and nucleoli of active digestive cells. 
Note the large size of each nucleus and number of nucleoli 
within each nucleus. Tissue section obtained from a primary 
infestation, stage II female tick. Stained with toluidine 
blue. (x 6000) .
Figure 40. Ultrastructural features of a spent digestive 
cell. Spent digestive cells were present throughout 
engorgement. These cells were full of hematin granules, 
residual bodies, and lipid droplets. Note the hematin granule 
within a cytoplasmic process which extends into the nucleus. 
Tissue section obtained from a primary infestation, stage II 




Figure 41. Spent digestive cell. Another spent digestive 
cell demonstrating hematin granules, residual bodies, lipid 
droplets, and distended rough endoplasmic reticulum. Tissue 
section obtained from a primary infestation, stage II female 
tick. (x 7,000).
Figure 42. Spent digestive cells within the gut lumen. In 
some instances, spent digestive cells appeared to bud into the 
gut lumen where they either ruptured or remained intact until 
excreted. Tissue section obtained from a primary infestation, 
stage II female tick. Stained with methylene blue-azure A- 




Figure 43. Lumenal surface of spent digestive cells. 
Microvilli were either absent or very scarce, and were 
replaced by fingerlike projections. Note the well developed 
brush border on the active digestive cell cluster (AD). Spent 
digestive cell (SD). Tissue section obtained from a 
quaternary infestation, stage II female tick. Stained with 
toluidine blue. (x 5660)
Figure 44. Secretory cell of the gut epithelium. Secretory 
cells stained intensely with the different stains. These 
cells were bordered by replacement cells, digestive cells and 
the basal lamina. Note the spherical droplets within the 
apical area of the cell. Tissue section obtained from a 
quaternary infestation, stage III female tick. Stained with 





Figure 45. A secretory cell. The secretory cell nucleus was 
large with prominent nucleoli. Their cytoplasms were filled 
with rough endoplasmic reticulum and mitochondria. Structures 
resembling secretory granules were located near the lumenal 
surface. Lumen (L). Tissue section obtained from a primary 
infestation, stage III female tick. (x 3,330).
Figure 46. Ultrastructural features of a secretory cell. 
Again, the secretory cell nucleus (N) was large. Note the 
large amount of rough endoplasmic reticulum, numerous 
mitochondria, and spherical structures near the apical 
surface. Lumen (L). Tissue section obtained from a primary 




Figure 47. Visceral muscle cells. Visceral muscle cells were 
located beneath the basement membrane of the tick gut 
epithelium. The visceral muscle cells consisted of elongated, 
spindle-shaped cells containing transverse striations. Note 
the secretory cell. Tissue section obtained from a quaternary 
infestation, stage III female tick. Stained with Giemsa. (x 
6000).
Figure 48. Visceral muscle cells located beneath the basal 
lamina of the tick gut epithelium. Thin filaments were 
connected by dense bodies within the cytoplasm of the visceral 
muscle cells. A small part of the muscle cell was occupied by 
structures in the extrafibrillar sarcoplasm. Tissue section 





Figure 49. Visceral muscle cell fiber direction. The fiber 
direction of one set of visceral muscle cell fibers was 
usually different from adjacent ones. The cut ends of the 
fibers appeared as dark dots of uniform size and were 
distributed in a somewhat regular pattern within the 
cytoplasm. Tissue section obtained from a tertiary
infestation, stage II female tick. (x 14,000).
Figure 50. Endocytotic invaginations of the apical cell 
membrane. The first step in intracellular digestion was the 
uptake of the bloodmeal through the process of endocytosis. 
Note the coated pits (CP) and vesicles, uncoated pits and 
vesicles, and tubular elements (TE) within the apical areas of 
the digestive cells. Lumen (L) . Tissue section obtained from 




Figure 51. Endocytotic invaginations of the lumenal membrane. 
Note the coated vesicles, uncoated vesicles, and tubular 
elements. Tubular elements were observed fusing with existing 
endosomes. Lumen (L). Tissue section obtained from a primary 
infestation, stage II female tick, (x 11,330).
Figure 52. Digestive cell phagosome containing a basophil 
granule. Within the digestive cell cytoplasm were phagosomes 
that contained basophil or eosinophil granules. These 
leukocyte granules were probably taken up via the process of 
phagocytosis. Tissue section obtained from a quaternary 




Figure 53a. Epithelium from a recently molted, unfed female 
tick. The digestive tract of an unfed female tick was lined 
by an epithelium that rested on a basement membrane.
(x 3600).
Figure 53b. Inactive digestive cells from a recently molted, 
unfed adult female tick. The apical areas of hypertrophied, 
inactive, digestive cells fill the gut lumen. Note the 
numerous endosomes and heterophagical vacuoles containing 
hemoglobin. These were probably remnants from the nymphal 
feeding. Hematin granules were dispersed throughout the 
cytoplasm of the digestive and stem cells. Epithelium was 
from a recently molted, unfed adult female. (x 4800).
Figure 54. Stem cells from a recently molted, unfed adult 
female tick. The cytoplasm of stem cells contained large 
numbers of lipid droplets and glycogen rosettes. Glycogen 
rosettes were dispersed throughout the cytoplasm and lipid 









Stem cell nucleus. A typical stem cell nucleus 
contained patches of heterochromatin and no 
Rough endoplasmic reticulum surrounded the 
Note the numerous glycogen rosettes and lipid 
Gut epithelium was from a recently molted, unfed
adult female. (x 9,000)
Figure 56. The cytoplasm of two inactive digestive cells. 
Numerous endosomes, hematin granules, and heterophagical 
vacuoles containing hemoglobin were observed in the cytoplasm 
of these inactive digestive cells. Epithelium was from a 





Figure 57. The cytoplasm of an inactive digestive cell. 
Numerous hematin granules, and heterophagical vacuoles 
containing hemoglobin were observed in the cytoplasm of these 
inactive digestive cells. Epithelium was from a recently 
molted, unfed adult female.
(x 5,450).
Figure 58. Rupturing spent digestive cell. Spent digestive 
cells rupturing and releasing hematin granules into the lumen. 
Note the few microvilli and the absence of a glycocalyx. 
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Figure 59. Gut epithelium from an aged, unfed adult female 
tick. Hematin granules were dispersed throughout the 
cytoplasm of the stem cell. The spaces surrounding the 
hematin granules gave the epithelial cells a vacuolated 
appearance. (x 6,670).
Figure 60. Epithelial cell nuclear morphology from an aged, 
unfed female tick. Nuclei had a variety of shapes, with large 
areas of heterochromatin present along the nuclear margins. 





Figure 61. Gut epithelium of a female tick after 24 hours of 
feeding. After 24 hours of feeding, the gut epithelium 
appeared to consist of only one cell type, namely stem cells. 
These cells possessed numerous lipid droplets and hematin 
granules. Tissue section obtained from a primary infestation, 
stage I female tick. Stained with toluidine blue. (x 6000).
Figure 62. Uptake of the bloodmeal at the apical plasma 
membrane. Uptake of the bloodmeal was observed as early as 24 
hours postattachment. Since no endosomes were observed, the 
nutrients were probably mobilized for organ development. Note 
the coated pit. Tissue section obtained from a primary 
infestation, stage I female tick. (x 20,000).
Figure 63. Host blood cells and tissue fluid within the gut 
lumen. The tick appears to be feeding slowly, with host blood 
cells and tissue fluid observed within the gut lumen. These 
were incompletely lysed blood cells within the gut lumen of 
the feeding tick. Tissue section obtained from a primary 




Figure 64. Gut epithelium from a stage I female tick fed for 
72 hours. The gut epithelium from this stage of engorgement 
was undergoing extensive changes. Note the developing 
digestive cells and clusters of replacement cells. Tissue 
section obtained from a primary infestation, stage I female 
tick. Stained with toluidine blue. (x 5400).
Figure 65. Mitotic figures within replacement cell mounds. 
Mitotic figures were observed within replacement cell mounds. 
Mitotic divisions were commonly observed during the later half 
of stage I engorgement. Tissue section obtained from a 
primary infestation, stage I female tick. Stained with 




Figure 66. Replacement cell mounds located between bases of 
digestive cells. Replacement cells occurred in groups of 
three to five cells along the basal lamina, and were found 
between the bases of the digestive cells. Nuclei were 
spherical and contained large amounts of euchromatin, with 
prominent nucleoli. Tissue section obtained from a primary 
infestation, stage II female tick. Stained with toluidine 
blue. (x 2460).
Figure 67. Developing digestive cells located at the 
periphery of replacement cell mounds. Developing digestive 
cells were located at the periphery of the replacement cell 
mounds and had a staining intensity somewhere between the 
replacement cells and active digestive cells. Tissue section 
obtained from a primary infestation, stage II female tick. 






Figure 68. Gut lumen of a mid-stage II female tick. The gut 
lumen appeared to a contain flocculent type of material. Note 
the pink staining spirochetes within the lumenal contents. 
Tissue section obtained from a primary infestation, stage II 
female tick. Stained with methylene blue-azure A-basic 
fuchsin. (x 5000).
Figure 69. Plume shaped clusters of digestive cells extend 
into the gut lumen. The replacement cell cytoplasm began to 
stain more intensely with the different stains, indicating a 
gradual development into digestive cells. Note the numerous 
lipid droplets, and hematin granules. Tissue section obtained 
from a primary infestation, stage II female tick. Stained 




Figure 70. Hematin granules and lipid droplets within a 
digestive cell. Note the large number of hematin granules 
located throughout the digestive cell cytoplasm. Tissue 
section obtained from a primary infestation, stage II female 
tick. Stained with methylene blue-azure A-basic fuchsin.
(x 4800).
Figure 71. Late stage II gut diverticulae. Late stage II gut 
diverticulae began to enlarge as feeding continued. Apical 
areas of active digestive cells projected into the gut lumen, 
but did not completely occlude the lumen. Endosomes were 
small and concentrated primarily in the apical areas. 
Replacement cells were observed within the basal areas of the 
gut epithelium. Tissue section obtained from a primary 
infestation, stage II female tick. Stained with methylene 





Figure 72. Gut epithelium from a female tick entering late 
stage II. Note the secretory cell with its intense staining 
cytoplasm and numerous secretory granules concentrated along 
the apical border. Tissue section from a primary infestation, 
stage II female tick. Stained with toluidine blue, (x 5600) .
Figure 73. The gut lumen of an engorged female tick. In 
engorged female ticks, the gut lumen was filled with 
hemoglobin crystals, hematin granules, cellular debris, and 
flocculent material. At times, the hemoglobin crystals 
appeared to coalesce, forming aggregates of crystals. Tissue 
section obtained from a primary infestation, stage III female 





Figure 74. Gut epithelium from an engorged female tick 
stained with a tribasic stain. Note the green hemoglobin 
crystals and endosomes, as well as the flocculent material 
within the gut lumen. The brush border of the digestive cells 
also stained a light pink color. Tissue section obtained from 
a primary infestation, stage III female tick. Stained with 
Malachite green-toluidine blue-basic fuchsin. (x 4800).
Figure 75. Active digestive cells within the gut epithelium 
of an engorged female tick. In contrast to earlier ticks, 
active digestive cells did not appear as a plume shaped 
cluster of cells arising from a common area of the gut 
epithelium. Instead, the cells possessed a columnar shape. 
Note the intense staining endosomes which filled the digestive 
cell from apex to base and the hematin granules concentrated 
along the apical border. Tissue section obtained from a 
primary infestation, stage III female tick. Stained with 




Figure 76. Replacement cells within the gut epithelium of an 
engorged female tick. Replacement cells were scarce within 
the gut epithelium of engorged female ticks. These cells 
possessed light staining cytoplasms with large lipid droplets 
and spherical nuclei. Note the hematin granules concentrated 
in the apical areas of the digestive cells. Tissue section 
obtained from a primary infestation, stage III female tick. 
Stained with Giemsa. (x 4460).
Figure 77. Secretory cells within the gut epithelium of an 
engorged female tick. Secretory cells were squeezed between 
the endosome filled digestive cells. The secretory cell 
cytoplasm stained intensely with the tribasic stain. Note the 
green staining mitochondria. Tissue section obtained from a 
primary infestation, stage III female tick. Stained with 




Figure 78. Gut epithelium from ticks fed on a host expressing 
tick resistance. The gut epithelium of ticks fed on hosts 
expressing tick resistance did not always show signs of 
damage. In this instance, replacement cells were found in 
clusters within the basal area of the gut epithelium, while 
digestive cells were actively involved in the uptake of the 
bloodmeal. Tissue section obtained from a quaternary 
infestation, stage I female tick. Stained with toluidine 
blue-safranin- auramine. (x 3600) .
Figure 79. Large numbers of host effector elements within the 
gut lumen. The gut lumen of ticks fed on hosts expressing 
tick resistance contained large numbers of host effector 
elements. These included basophils (B) and eosinophils (E) 
with their respective granules. Tissue section obtained from 
a quaternary infestation, stage I female tick. Stained with 




Figure 80. Minor damage to the gut epithelium of ticks fed on 
a host expressing tick resistance. In some instances, the 
damage to the gut epithelium was only minor. Note the reduced 
numbers of cells, and the decreased height of the epithelial 
cell clusters. Tissue section obtained from a tertiary 
infestation, stage II female tick. Stained with toluidine 
blue. (x 5,600).
Figure 81. Secretory cells and digestive cells within the gut 
epithelium of ticks fed on hosts expressing tick resistance. 
Secretory cells and digestive cells did not appear to 
demonstrate any adverse effects from the bloodmeal obtained 
from a resistant host. The apical surface of these cells were 
more expansive then in the primary infestation. Tissue 
section obtained from a quaternary infestation, stage II 




Figure 82. Gut epithelium from a late stage II female tick 
fed on a guinea pig expressing tick resistance. Note the 
general absence of epithelial cell crowding. The base of the 
digestive cell cluster is not squeezed between replacement 
cell mounds. Tissue section obtained from a tertiary 
infestation, stage II female tick. Stained with toluidine 
blue-safranin-auramine. (x 5330).
Figure 83. Endocytotic activity of digestive cells. 
Endocytotic activity of developing and active digestive cells 
did not appear to be hampered, as indicated by the presence of 
endosomes and hematin granules within the apical areas of the 
cells. Note the irregular outline of the nuclei. Tissue 
section obtained from a quaternary infestation, stage II 





Figure 84. Replacement cells within the gut epithelium of 
ticks fed on hosts expressing tick resistance. Replacement 
cells were fewer in number within the gut epithelium of ticks 
fed on hosts expressing tick resistance. Replacement cells 
appeared to be more adversely affected by the bloodmeal 
components obtained from the resistant guinea pigs. These 
cells were fewer in number and possessed irregularly shaped 
nuclei. Tissue obtained from a quaternary infestation, stage 
III female tick. Stained with toluidine blue-safranin- 
auramine. (x 5700).
Figure 85. Gut epithelium from a stage III female tick fed on 
a guinea pig expressing tick resistance. Note how the 
digestive cell clusters still projected into the gut lumen and 
the irregular outline of the replacement cells. Tissue 
section obtained from a quaternary infestation, stage III 





Figure 86. Necrotic epithelial cells within the gut 
epithelium of ticks fed on hosts expressing tick resistance. 
Necrotic epithelial cells were observed within the gut 
epithelium of ticks demonstrating reduced viability or death. 
These cells were swollen and vacuolated in appearance. Tissue 
section obtained from a quaternary infestation, stage II 
female tick. Stained with toluidine blue. (x 5280).
Figure 87. Necrotic cells within the gut epithelium of ticks 
fed on hosts expressing tick resistance. These cells 
demonstrated a disruption of external and internal membranes. 
Tissue section obtained from a tertiary infestation, stage II 




Figure 88. Later stages of necrosis or cell death. The later 
stages of necrosis or cell death were characterized by an 
abrupt increase in the volume of the mitochondria and the 
disruption of their cristae. Note the electron densities 
within the mitochondrial matrix. Tissue section obtained from 
a tertiary infestation, stage II female tick. (x 10,290).
Figure 89. Gut epithelial cells sloughed off into the gut 
lumen. In some instances, the gut lumen became filled with 
tick gut epithelial cells which were shed into the gut lumen. 
Tissue section obtained from a tertiary infestation, stage II 




Figure 90. Nucleus of a necrotic gut epithelial cell. 
Throughout most of the necrotic process, nuclear morphology is 
little disturbed. Note the condensing chromatin. Tissue 
section obtained from a tertiary infestation, stage II female 
tick. (x 10,830) .
Figure 91. Basophils (B) within the gut lumen. Intact 
basophils, eosinophils or their respective granules were found 
within the gut lumen of engorging ticks. Tissue section 
obtained from a quaternary infestation, stage I female tick. 




Figure 92. Basophil granules were observed within the gut 
lumen and digestive cell cytoplasm. Large numbers of basophil 
granules were observed within the gut lumen and digestive cell 
phagosomes of ticks fed on resistant guinea pigs. Tissue 
section obtained from a quaternary infestation, stage II 
female tick. (x 10,000).
Figure 93. Intact basophil within the gut lumen. Ingested 
basophils possessed segmented nuclei with heavily condensed 
chromatin and mature basophil granules. Note the basophil 
granules within the degranulation sac and those free within 
the gut lumen. Tissue section obtained from a quaternary 




Figure 94a. Free basophil granules. Discharged basophil 
granules retained their basic ultrastructure, although the 
lamellar arrays were generally widened. Tissue section 
obtained from a secondary infestation, stage II female tick, 
(x 1,625).
Figure 94b. Free basophil granules at higher magnification. 
At higher magnification, the lamellar array of the basophil 
granules is more apparent. Note the general absence of 
microvilli along the apical surface. (x 5,600).
Figure 94c. Basophil granules releasing mediators. Basophil 
granules were observed releasing their mediators in the 
surrounding areas. In this instance, the mediators are being 
released near the apical surface of the digestive cell. Note 
the loss of integrity of the lumenal surface membrane, and the 




Figure 95. Basophil granules within a digestive cell 
phagosome. The majority of ingested basophil granules were 
ringed by a clear halo that contained a flocculent material. 
Tissue section obtained from a quaternary infestation, stage 
II female tick. (x 14,670).
Figure 96. Large numbers of basophil granules within a 
digestive cell phagosome. Large numbers of basophil granules 
could be ingested by a single digestive cell. Note the 
release of flocculent material from the basophil granules. 
Tissue section obtained from a quaternary infestation, stage 




Figure 97. Membrane of a digestive cell phagosome containing 
basophil granules showing signs of disintegration. The 
membrane of a digestive cell phagosome containing basophil 
granules demonstrating signs of disintegration. This would 
imply that basophil mediators were being released into the 
digestive cell cytoplasm. Tissue section obtained from a 
quaternary infestation, stage II female tick. (x 8,670).
Figure 98. Gut epithelial cell damage as a result of basophil 
mediators. In some instances, digestive cells which had 
ingested large numbers of basophil granules showed signs of 
disintegration. Tissue section obtained from a quaternary 






Figure 99. Intact eosinophil. Eosinophils were identified by 
their characteristic football-shaped granules, which contained 
an electron dense crystalloid core and less electron dense 
matrix. Tissue section obtained from a quaternary 
infestation, stage II female tick. (x 10,500).
Figure 100. Intact eosinophil. Eosinophils were identified 
by their characteristic football-shaped granules. In this 
instance, the matrix of some eosinophil granules possessed the 
same electron density as the crystalloid core. Tissue section 





Figure 101. A group of reverse staining eosinophil granules 
within the gut lumen. In some instances, the matrix of the 
eosinophil granule was very electron dense. This reversed 
staining may be due to the release of mediators from the 
crystalloid core into the matrix compartment of the eosinophil 
granule. Tissue section obtained from a quaternary 
infestation, stage II female tick. (x 7,000).
Figure 102. Groups of reverse staining eosinophil granules 
within the cytoplasm of digestive cells. Phagosomes 
containing eosinophil granules were observed within the 
digestive cell cytoplasm. Tissue section obtained from a 





Fixative and Embedding Solutions
1. Karnovsky's Fixative
10.0 grams paraformaldehyde
25.0 mis 50% glutaraldehyde (biological grade)
500.0 mis distilled water
360.0 mis 0.2 M cacodylate buffer (pH 7.2)
0.5 grams CaCl2 (anhydrous)
0.2 5 grams A1C13
Heat distilled water until steaming, never let boil. 
Add the paraformaldehyde to the hot water (use a 
chemical hood to avoid breathing vapors). Add 1-3 
drops of 1 N NaOH until the solution is just 
clearing. Let the solution cool. Add the 
glutaraldehyde, then the cacodylate buffer. Add the 
remaining chemicals and stir until dissolved. Add 
distilled water to make 1000 mis. Bring pH to 7.2.
2. 0.2 M Sodium Cacodylate Buffer (pH 7.2)
32.0 grams andhydrous sodium cacodylate 
distilled water to make 1000 mis.
Dissolve the sodium cacodylate in the distilled 
water. Bring pH to 7.2.
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3. Epon-Araldite Resin
6.0 mis Epon 812
6.0 mis Araldite 506
12.0 mis Dodecenyl Succinic Anhydride (DDSA)
0.37 mis 2,4,6-Tri(Dimethylaminomethyl)Phenol 
Mix epon, araldite, and dodecenyl succinic anhydride 
together in a disposable beaker. Add the 2,4,6 - 
tri(dimethylaminomethyl)phenol. Mix thoroughly. 
Place under a vacuum to remove air bubbles.
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Staining Solutions
4. 1.0% Sodium Borate
1.0 gram sodium borate
100.0 mis distilled water
Dissolve sodium borate in 100 mis of distilled 
water.
5. 0.1% Toluidine Blue in 1.0% Sodium Borate
0.1 grams toluidine blue 0
100.0 mis 1.0% sodium borate
Dissolve toluidine blue O in 100 mis of 1.0% sodium 
borate solution. Mix well. Filter before each use.
Toluidine Blue O-Safranin O-Auramine Stain
6. 1.0% Toluidine Blue O in 1.0% Sodium Borate
1.0 gram toluidine blue 0
100.0 mis 1.0% sodium borate
Dissolve toluidine blue 0 in 100 mis of 1.0% sodium 
borate solution. Mix well. Filter before each use.
7. 1.0% Safranin O in 1.0% Sodium Borate
1.0 gram safranin O
100.0 mis 1.0% sodium borate
Dissolve safranin 0 in 100 mis of 1.0% sodium borate 
solution. Mix well. Filter before each use.
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8. Auramine O in 1.0% Sodium Borate
A saturated solution of auramine O in 1.0% sodium 
borate solution.
Methylene Blue-Azure A-Basic Fucshin
9. Methylene Blue-Azure A Stain
0.130 grams methylene blue 
0.020 grams azure A
10.0 mis glycerol
10.0 mis methanol
30.0 mis phosphate buffer, pH 6.9*
50.0 mis distilled water
Mix methylene blue, azure A, glycerol, methanol, 
phosphate buffer and distilled water together. Mix 
well.
Phosphate buffer may be prepared as follows:
9.078 grams anhydrous KH2P04 
11.876 grams anhydrous NaHP04 
Distilled water to make 1 liter.
10. 0.05% Basic Fuchsin
0.1 grams basic fuchsin 
50% ethanol to make 10 mis.
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Tribasic Stain
11. Malachite Green-Toluidine Blue O (4% of Each Dye)
4.0 grains malachite green
4.0 grams toluidine blue O
100.0 mis distilled water
Dissolve the malachite green and toluidine blue O in 
100 mis of distilled water. Mix well. Filter before 
each use.
12. 4% Basic Fuchsin
4.0 grams basic fuchsin
100.0 mis distilled water
Dissolve the basic fuchsin in 100 mis of distilled 
water. Filter before each use.
Giemsa Stain
13. 2.0% Sodium Borate Solution
2.0 grams sodium borate
100.0 mis distilled water
Dissolve sodium borate in 100 mis of distilled 
water. Mix well.
14. Giemsa Stain
10.0 mis Giemsa stock stain
100.0 mis 2.0% sodium borate
Mix well
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Transmission Electron Microscopic Stains
15. 2% Uranyl Acetate
0.4 grams uranyl acetate
10.0 mis distilled water
Mix 1:1 with absolute ethanol. Filter before each 
use.
16. 0.018% Lead Citrate
Boil approximately 40 mis distilled water.
Mix 0.06 grams lead citrate in 20 mis of the boiled 
distilled water. Add 12 drops of 5 N NaOH. Bring 
volume to 30 mis with the cooled boiled water. 
Centrifuge for 15 minutes at 1300 x g. Pipet and 
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